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STRUCTURAL STABILITY AND MECKANICAL BEHAVIOR 
OF THERMOMECHANICALLY PROCESSED DISPERSION 
S TRENGTHENED NICKEL ALLOYS 
by 
B. A. Wilcox, A. H. Clauer, and W. B.  Hutchinson 
Thermomechanical processing of dispers ion-strengthened and dispers ion-  
f r e e  Ni-base a l loys  inf luences the microstructure ,  c rys ta l lographic  t ex tu re ,  and - 
s t r eng th .  The-al loys s tud ied  were: (1) N i ,  (2) Ni-2Th02, (3) Ni-20CrY 
( 4 )  Ni-20Cr-2Th02, (5) Ni-20Cr-lOW, and ( 6 )  Ni-20Cr-10W-2Th02. Refining the  
subs t ruc ture  i s  a much more potent  means of s t rengthening a t  room temperature 
than i s  d ispers ion  hardening. The major micros t ruc tura l  f ea tu re  which a f f e c t s  
high temperature s t r eng th  i s  the  g ra in  aspec t  r a t i o ,  i . e . ,  gra in  length  divided by 
g r a i n  width. 
with increas ing  g ra in  aspec t  r a t i o .  
t i o n  r e s i s t ance  and i n  development of micros t ruc tures  during r e c r y s t a l l i z a t i o n  i s  
discussed.  
The y i e l d  s t r eng th  and creep s t r eng th  a t  1093OC increased l i n e a r l y  
The r o l e  of deformation t ex tu re  i n  r e c r y s t a l l i z a -  
i x  
STRUCTURAL STABILITY AND MECHANICAL BEHAVIOR 
OF THERMOMECHANICALLY PROCESSED DISPERSION 
STRENGTHENED NICKEL ALLOYS 
by 
B. A. Wilcox, A. H. Clauer, and W. B. Hutchinson 
Thennomechanical processing (W) by drawing and swaging have been used 
t o  work th ree  d ispers ion  strengthened N i  a l l oys  and t h e i r  d i spers ion- f ree  counter-_ 
par t s :  Ni-2Th02 , N i ,  Ni-20Cr-2Th02 , Ni-20Cr, Ni-20Cr- 10W-2Th02 , and Ni-20Cr-1OW. 
The purpose was to examine t h e  important f ea tu re s  of i n d i r e c t  s t rengthening (1,2) 
due t o  dispersed p a r t i c l e s ,  and t h i s  was done by eva lua t ing  how TMP influenced 
micros t ruc ture ,  t e n s i l e  deformation behavior a t  2 5  and 1093 C y  creep behavior a t  
109 3OC , and c rys t a l log raph ic  t ex tu re .  
0 
Room temperature s t r eng th  was increased by IMP as a r e s u l t  of r e f in ing  
the  gra in  s i z e  and subs t ruc ture  spacing ( c e l l  s i z e ) ,  A, i n  accord with the usual  Hal l -  
Petch r e l a t i o n .  This subs t ruc ture  s t rengthening increment was f i v e  t o  s i x  times 
g r e a t e r  than the  s t r eng th  increment ,op, due t o  P a r t i c l e s  alone. 
base,  the Hall-Petch p l o t s  of thor ia ted  and Th02-free ma te r i a l s  converged a t  high 
values  of R-1'2, 
a r e  not  add i t ive ,  s ince  the  value of (T depends on the value of A. Simi lar ly ,  
P 
t he  increment i n  s t r eng th  due t o  s o l i d  so lu t ion  addi t ions  of C r  i s  not d i r e c t l y  
add i t ive  t o  g ra in  s i z e  s t rengthening,  s ince  t h i s  a l s o  depends on R. 
For a given a l l o y  
Thus, p a r t i c l e  s t rengthening and subs t ruc ture  s t rengthening 
A t  high temperatures (1093OC) no good c o r r e l a t i o n  was found between 
y i e l d  s t r eng th  and g ra in  o r  cell*. 
t i o n  between y i e l d  s t r eng th  and gra in  aspect  r a t i o  (gra in  length,  L, divided by 
g r a i n  width, A ) ,  whereby the  y i e l d  s t r eng th  increased l i n e a r l y  with L/R. 
c o r r e l a t i o n  held f o r  non-recrys ta l l ized  Ni-2Th02 with very f i n e  elongated grains ,  
a s  w e l l  a s  r e c r y s t a l l i z e d  Ni-2Th02 which had very coarse elongated gra ins .  
Instead,  t he re  was an exce l l en t  co r re l a -  
This 
The 
2 
s a m e  aspec t  r a t i o  c o r r e l a t i o n  was found f o r  minimum creep r a t e  and 100-hour 
rupture  l i f e .  This inf luence of g ra in  aspec t  r a t i o  was in t e rp re t ed  i n  terms of 
how L/R influenced g ra in  boundary s l i d i n g ,  which appears t o  be the  major mode of 
t e n s i l e  y i e ld ing  and creep a t  1093OC. 
elongated g ra in  d i r ec t ion ,  increas ing  L/R lowers the  resolved shear  stress on 
boundaries, on average, and t h i s  minimizes the  o v e r a l l  amount of s l i d i n g .  
When the  stress a x i s  i s  p a r a l l e l  t o  the  
Thus, a f i ne ,  s t a b l e ,  very elongated gra in  s t r u c t u r e  i s  optimum fo r  com- 
bined room temperature and high temperature s t rengthening,  and t h i s  can be achieved 
i n  Ni-2Th02 bar ,  but  apparent ly  not  i n  Cr-containing a l l o y s .  Here r e c r y s t a l l i z a t i o n  
occurs a t  high temperatures,  sometimes g iv ing  f ine ,  nea r ly  equiaxed, gra ins  and 
sometimes coarse elongated gra ins .  
The r o l e  of deformation t ex tu re  i n  preventing r e c r y s t a l l i z a t i o n ,  o r  i n  
inf luenc ing  t h e  r e s u l t a n t  micros t ruc ture  when r e c r y s t a l l i z a t i o n  does occur, i s  
not  completely c l e a r .  
a very s t rong  <loo> component, and was r e s i s t a n t  t o  r e c r y s t a l l i z a t i o n .  When pro- 
cessed such t h a t  t h e  <LOO> component dropped t o  -50% of the  t ex tu re  concentrat ion,  
p a r t i a l  r e c r y s t a l l i z a t i o n  occurred a t  1200 C. Also the  Cr-containing a l l o y s  had 
a less sharp U O O >  f i b e r  t ex tu re  than Ni-2Th02, and they were suscep t ib l e  t o  
r e c r y s t a l l i z a t i o n .  
r e s i s t ance .  When r e c r y s t a l l i z a t i o n  does occur, o f t e n  the  s t r u c t u r e  cons i s t s  of 
coarse  elongated gra ins ,  and t h i s  i s  s u f f i c i e n t  f o r  good high temperature s t r eng th ,  
provided the  g ra in  aspec t  r a t i o  is l a rge  enough. 
which leads t o  t h i s  kind of s t r u c t u r e  may be r e l a t ed  t o  the  deformation t ex tu re .  
Extruded Ni-2Th02 had a dual  < L O O > - U l l >  f i b e r  t ex tu re  with 
0 
Thus a s t rong  G O O >  f i b e r  t ex tu re  may promote r e c r y s t a l l i z a t i o n  
The an i so t rop ic  g ra in  growth 
3 
INTRODUCTION 
It has been shown by numerous workers t ha t  cont ro l led  thermomechanical 
processing (TMP) of d ispers ion  strengthened metals,  such a s  SAP, TD Nickel, DS 
Nickel, and TD N i - C r ,  can produce improved s t rength ,  although d i f f e r e n t  processsing 
methods a r e  general ly  required t o  enhance s t r eng th  a t  room temperature a s  opposed 
t o  s t r eng th  a t  high temperatures. 
It has been the  f ee l ing  of many t h a t  s t rengthening occurs by p a r t i c l e s  
blocking d i s loca t ion  motion, and t h a t  add i t iona l  s t rengthening can be achieved i f  
t he  p a r t i c l e s  a c t  during TMP t o  help develop and pin c e r t a i n  s t a b l e  d i s loca t ion  
subs t ruc tures  and gra in  s izes  and shapes. 
promote c e r t a i n  c rys ta l lographic  tex tures ,  with a t tendant  strengthening, has a l s o  
been ra i sed .  Ansell") has used the  phrase "d i r ec t  and i n d i r e c t  d i spers ion  
strengthening" t o  descr ibe  these e f f e c t s  of p a r t i c l e s ,  and t h i s  concept was 
demonstrated i n  the  case of Ni-2Th02 by Wilcox and J a f f e e ( 2 ) ,  who compared the  
t e n s i l e  deformation of TD Nickel bar  with t h a t  of r e c r y s t a l l i z e d  TD Nickel and 
pure po lyc rys t a l l i ne  N i  over the  temperature range 25-1200°C. 
the  r e c r y s t a l l i z e d  TD Nickel, which had coarse elongated grains  and very l i t t l e  
d i s loca t ion  subs t ruc ture ,  w a s  s t ronger  than pure N i  and weaker than TD Nickel bar, 
over t he  e n t i r e  temperature range. 
The question of whether o r  not  p a r t i c l e s  
It was found t h a t  
The s t r eng th  increment of r e c r y s t a l l i z e d  TD 
Nickel over pure N i  was a t t r i b u t e d  t o  d i r e c t  s t rengthening v i a  the  Orowan mechanism.. 
The even super ior  s t r eng th  of TD Nickel ba r ,  which had a f i n e  s t a b l e  elongated 
g r a i n  and subgrain s t r u c t u r e ,  was hypothesized t o  be assoc ia ted  with the  f i n e  
g ra in  s i z e ,  a higher d i s loca t ion  densi ty ,  and possibly a t ex tu re  e f f e c t .  
The uncer ta in ty  i n  the  i n d i r e c t  s t rengthening cont r ibu t ion  of Tho2 
p a r t i c l e s  w a s  the  bas i s  f o r  the  research performed under the  present  program. The 
objec t ives  of t h i s  program were t o  gain an understanding of how various TMP 
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procedures could a l t e r  the  micros t ruc ture  of d i spers ion  strengthened N i  a l l oys ,  
and how the  micros t ruc tura l  changes could inf luence room temyerature and elevated 
temperature mechanical proper t ies .  Another f ea tu re  of  t h i s  program d e a l t  wi th  
the  e f f e c t  of TMJ? on t ex tu re .  Many people have speculated t h a t  development of 
c e r t a i n  t ex tu res  i n  d ispers ion  strengthened N i  a l l o y s  i s  "beneficial",  al though t o  
the  au thors '  knowledge t h i s  has not  been quan t i t a t ive ly  demonstrated, nor has the  
term "beneficial"  been s a t i s f a c t o r i l y  explained. One might ask,  f o r  example, 
whether " tex ture  strengthening" i s  important, o r  whether the  t ex tu re  developed 
during TMP a f f e c t s  r e c r y s t a l l i z a t i o n  resistance, o r  i n  t h e  event t h a t  r e c r y s t a l l i -  
za t ion  does occur whether t he  subsequent microstructure  i s  determined t o  some 
ex ten t  by the deformation t ex tu re .  
I n  order  t o  examine these  aspec ts  of i n d i r e c t  s t rengthening,  s i x  a l l o y s  
were s tudied:  
TMF w a s  accamplished by w i r e  drawing and swaging, and the  following proper t ies  
N i ,  Ni-20Cr, Ni-20Cr-lOW, with and without 2-volume percent Tho2. 
were examined as a funct ion of TMP: microstructure ,  room and e leva ted  tempera- 
t u r e  t e n s i l e  deformation behavior, high temperature creep c h a r a c t e r i s t i c s ,  and 
f ea tu res  of t he  dual  a O O > - a l l >  f i b e r  t ex tu re ,  
MATERIALS AND PROCEDURES 
Materials 
The s i x  a l l o y s  s tud ied  i n  t h i s  i nves t iga t ion  were obtained from Fansteel  
Meta l lurg ica l  Corporation i n  the  form of 0.35 t o  0.40 inch (0.89-1.02 cm) diameter 
extruded bar .  The chemical compositions a r e  given i n  Table 1, and the  f a b r i c a t i o n  
procedures used by Fansteel  were a s  follows: 
(1) Hydros ta t ica l ly  compact powders t o  b i l l e t s  a t  60,000 p s i  (414 MN/mL) 
5 
TABLE 1. COMPOSITION OF EXPERIMENTAL ALLOYS (Weight -percent) 
A l l o y  Tho2 Cr W c. S N 
Ni -.. _-  -- 0.0010 0.0062 _- 
Ni-2Th02 
Ni-20Cr 
Ni -20Cr-2Th02 
2.9 -- -- 0.0024 0.0022 0.010 
-.. 19.7 -- 0.0278 0.0019 -- 
2.0 20,2 -- 0 0249 0.020 0.0051 
Ni-20Cr-1OW -- 20.4 8.6 0.0310 0.0063 -- 
Ni-20Cr-10W-2Th02 2.8 20.8 9.9 0.0271 0,0035 -- 
6 
(2) Can i n  mild steel, 2 inch (5.08 cm) outs ide  diameter 
(3) 
0 S i n t e r  under flowing hydrogen t o  1177 C maximum temperature 
( 4 )  Cool, evacuate and seal can 
( 5 )  Extrude from 2 inch (5.08 cm) diameter t o  1 / 2  inch (1 .27  cm) 
diameter a t  1093OC 
(6) Decan 
(7) Center less  grind t o  cleanup. 
The N i ,  Ni-2Th02, Ni-20CrY and Ni-20Cr-2Th0 a l l o y s  were shipped from Fans tee l  2 
i n  the  as-extruded condi t ion.  However, t he  two tungsten containing a l l o y s  were 
annealed by Fans tee l  ( 1  hour,  1316OC, a i r )  p r i o r  t o  cleanup and shipping. The 
as-extruded micros t ruc tures  var ied  from r e c r y s t a l l i z e d  f o r  the pure N i  t o  f i n e  
elongated gra ins  i n  t h e  Ni-2Th02 a l loy .  
a r e  discussed later. 
De ta i l s  of the  var ious microstructures  
P a r t i c l e  s i z e s  and spacings were determined i n  the  Tho -containing 2 
a l l o y s  using techniques described previously (2y3) .  
w a s  used t o  measure 2000 p a r t i c l e  diameters from transmission e l ec t ron  micro- 
graphs,  and the  par t ic le  s i z e  d i s t r i b u t i o n s  are shown i n  Figure 1, and Table 2. 
I n  Figure 1 the  d i s t r i b u t i o n  i s  expressed as volume percent  of the  t o t a l  Tho2 
content .  Using the  da ta  i n  Figure 1 the  mean p lanar  center - to-center  p a r t i c l e  
spacing, d, w a s  determined by developing the  expression 
A Zeiss P a r t i c l e  S i z e  Analyzer 
( 4 )  
d2 = l / N s  , (1) 
where Ns = number of particles i n t e r s e c t i n g  a u n i t  a rea .  
p ress ion  i n t o  the appropr ia te  par t ic le  parameters, and including the  par t ic le  
Transforming t h i s  ex- 
s i z e  d i s t r i b u t i o n  leads t o  the  following relation"),  from which d values  were 
ca lcu la ted  : 
7 
Particle Diarnete'r, prn 
8 2rv(avg.)=20I ii (0.0201 prn) - c N'-2Tho2 
I I 
Particle Diameter, 
a, 
-- ~ 
Ni-20 Cr- 2 Tho02 
2rv(avg)=i76A (0.0176 pm) 
Particle Diameter, A 
FIGURF, 1. P a r t i c l e  s i z e  d i s t r i b u t i o n s  of experimental 
Th02-containing a l l o y s ,  expressed a s  volume 
percent  of the t o t a l  ThoZ content .  
8 
ul 
0 
ul 
rl 
0 
rl 
0 
N 
0 
0 
crl 
u3 
4 
rl 
0 
I 
m m 
0 
0 
0 
a3 
ul 
c\I 
m 
N 
I 
I 
t 
I 
N 
0 
N 
(I 
*rl z 
rr) m 
M 
rl 
0 
u3 
r- 
rl 
0 
0 
co 
N 
I+ 
rl 
0 
m a 
0 
0 
0 
0 
PI 
rl 
0 
N 
1 
I 
N 
0 
N 
N 
8 
N 
I 
#4 
U 
0 
N 
I 
.rl z 
0 
r- 
a 
rl 
0 
c\I m 
rl 
0 
0 
h m 
rl 
rl 
0 
@l m 
0 
0 
0 
rl 
ul 
N 
D 
a3 
N 
m 
m 
0 
a3 
0 
N 
N 
0 s: 
E 
i3 
I 
r( 
I 
k 
U 
0 
N 
I 
.rl 
2; 
k 
a, 
rl 
m 
3 
a, 
N 
*rl 
rn 
a, 
rl 
0 
.rl 
u 
k 
m 
PI 
rn 
rn 
9-l 
a, 
N 
rb 
M c 
.rl 
rn 
7 
m 
a 
!-I 
M 
0 
Fc 
c) 
.rl 
-da 
E 
$4 
U 
0 
Q) 
rl a 
.rl 
m 
rn 
.rl 
E 
rb 
k 
U 
; 
8 
k 
%I 
5 
a, 
!-I 
7 m 
rb 
a, 
E 
rn 
Q) 
rl 
o 
*rl 
U 
k 
(d a 
0 
0 
0 
N 
n 
m 
W 
9 
Here f .  i s  the  volume f r a c t i o n  of  par t ic les  i n  a l imi ted  s i z e  range having an 
1 
average p a r t i c l e  radius ,  r . Table 2 shows t h a t  the t h r e e  Tho,-containing 
v, 
I 
a l l o y s  had an average p a r t i c l e  s i z e  of 4 . 0 2  pm 
L 
and a mean planar center - to-center  
par t ic le  spacing of  - 0.16 pm. 
Procedures 
Thermomechanical Process ing  
Two types of working, drawing and swaging, were used t o  process the  
a l l o y s .  Two working procedures were employed, one wi th  no intermediate  anneals  
(he rea f t e r  r e fe r r ed  t o  as Procedure A) and the  o the r  with intermediate  anneals 
f o r  1 hour a t  12OO0C i n  a hydrogen atmosphere (he rea f t e r  r e fe r r ed  t o  as 
Procedure B) .  
bu t  swaging w a s  used f o r  some of t h e  Cr-containing a l l o y s  which proved t o  be very 
d i f f i c u l t  t o  work by drawing. 
Only w i r e  drawing was used t o  process t h e  N i  and Ni-2Th02 materials, 
Summarized below are the  TMP condi t ions employed 
f o r  each of  t he  a l l o y s .  
N i  and Ni-2Th02 
Drawing by Procedure A (no intermediate  anneals)  
Drawing by Procedure B ( intermediate  anneals  a f t e r  each 50% 
reduct ion) 
N i - 2 OC r and N i  - 2 OC r - 2 Tho, 
Drawing and swaging by Procedure A (no intermediate  anneals)  
Drawing and swaging by Procedure B ( intermediate  anneals  a f t e r  
each 25% reduction) 
Ni-20Cr-1OW and Ni-20Cr-10W-2Th02 
Swaging by Procedure B only ( intermediate  anneals a f t e r  each 25% 
reduct ion) ,  
10 
0 Both drawing and swaging were done on ma te r i a l s  preheated t o  200 C.  It 
was found t h a t  t e f l o n  proved t o  be the  most s a t i s f a c t o r y  lub r i can t  f o r  wire drawing. 
Only a l i m i t e d  amount of t he  Ni-20Cr-10W-2Th02 was obtained, so TMP of t h i s  a l l o y  
(and the  Ni-20Cr-1OW a l l o y  as w e l l )  was confined t o  swaging by Procedure B. The 
s t a r t i n g  poin t  f o r  Procedure B was extruded plus  annealed mater ia l .  For the  a l l o y s  
drawn o r  swaged by Procedure B y  a l l  examinations (microstructure ,  t e n s i l e  and 
creep tests, and tex ture)  were made a f t e r  annealing. 
Me ta  1 l o  graphy 
An i n t e g r a l  p a r t  of t h i s  i nves t iga t ion  concerned c o r r e l a t i n g  mechanical 
proper t ies  with microstructure .  The major metallographic procedures cons is ted  of 
o p t i c a l  and transmission e l ec t ron  microscopy (TEM), with se l ec t ed  r ep l i ca  e l ec t ron  
microscopy s t u d i e s .  The metal lographic  and thinning procedures f o r  TEM used i n  
t h i s  study were s tandard,  and have been described previously (2,3,5) 
Tens i le  and C r e e p  Tes t ing  
A l l  t e n s i l e  t e s t i n g  w a s  done i n  an I n s t r o n  a t  a s t r a i n  r a t e  of 0.01 
-1 min . Two test  temperatures, 25 and 1093OC, were used and the  high temperature 
tests were done i n  a vacuum B r e w  furnace a t tached  t o  the  Instron.  The specimens 
had threaded ends, and those machined from rod of y 0 . 2 5  inch (0.635 cm) diameter 
had a 1 inch (2.54 cm) gage length.  Specimens machined from smaller  diameter rods 
( t o  0.096 inch c0.244 cm] diameter) had a 1 / 2  inch (1.27 cm) gage length ,  Axial  a l i g n -  
ment of a l l  tests was assured by universa l  j o i n t s .  
Tension creep t e s t s  were made on only the  th ree  Tho -containing a l l o y s ,  and 2 
a t  only one temperature, 1093OC. 
t e n s i l e  specimens, and they were t e s t ed  i n  a vacuum of 
The creep specimens had t h e  same configurat ion a s  
t o r r  (1 .33~1O-~N/m~)  under 
11 
constant  stress condi t ions.  Addit ional  d e t a i l s  of t he  creep t e s t i n g  procedures 
have been reported previously (3 ,6 ,7 )  
Texture Measurements 
A l l  t ex ture  measurements were made a t  t he  Universi ty  of Birmingham, and 
consis ted of measuring complete Q O O >  and all> pole d i s t r i b u t i o n s .  
t he  concentrat ions of t he  cLOO> and <LID f i b e r  t ex tu re  components were determined. '  
From these,  
Rods of the  thermomechanically processed a l l o y s  were mounted i n  epoxy 
r e s i n  i n  square sec t ion  troughs with the  specimen axes accura te ly  al igned along 
the  troughs. The composites were t ransfer red  t o  a j i g  which had s l o t s  machined 
i n  i t  a t  45' t o  the  long ax i s  of t he  composite. 
composite using a j ewe l l e r ' s  saw guided wi th in  the  s l o t s .  
S l i c e s  were then cu t  through the  
The s l i c e s  were ground 
on one s ide ,  polished metal lographical ly  and etched i n  aqua regia  t o  remove a l l  
t r aces  of deformation. The f i n a l  specimens thus had the normal to t he  prepared 
sur face  a t  45' t o  the  ax i s  of t he  bar.  
To determine t ex tu re  i n  an axi-symmetric ma te r i a l ,  one requi res  to  
know the va r i a t ion  of pole i n t e n s i t y  f o r  given crys ta l lographic  planes from the  
a x i a l  d i r e c t i o n  to the  r a d i a l  d i r ec t ion .  The specimens prepared a s  above were 
mounted on a Siemens tex ture  goniometer so t h a t  the  specimen could be t i l t e d  
about an a x i s  which was the  r a d i a l  d i r e c t i o n  (of t he  bar)  lying i n  the plane of 
the  sec t ion .  By t i l t i n g  the  specimen r f  45O about the symmetrical posi t ion,  the 
d i f f r a c t i n g  plane normal was thus var ied  from the a x i a l  to the  r a d i a l  d i r ec t ion .  
The width of t he  divergence s l i t s  was made g rea t  enough s o  tha t  a t  any angle of 
i n c l i n a t i o n  from 0 t o  45 , the  same t o t a l  i n t e n s i t y  of r ad ia t ion  was inc ident  
upon the  specimen. The 8 and 2 8 angles of t he  goniometer were set as  required 
f o r  t he  {ill] o r  {200] r e f l e c t i o n s  using f i l t e r e d  copper KCC rad ia t ion .  It was 
observed t h a t  a s  a r e s u l t  of the  extreme sharpness of the d i f f r a c t i o n  peaks on 
0 0 
1 2  
the  a x i s ,  devia t ions  of only one o r  two degrees  of alignment of the  specimen 
could lead t o  l a rge  e r r o r s  i n  the  measured peak height .  For t h i s  reason, a l l  
specimens were f i n a l l y  a l igned t o  give maximum i n t e n s i t y  on a sharp a x i a l  d i f f r a c -  
t i o n  peak, 
t y p i c a l l y  under one degree. 
The necessary adjustment w a s  never more than three  degrees, and 
0 Counts of d i f f r a c t e d  i n t e n s i t y  were made a t  5 
i n t e r v a l s  of the angle  of i n c l i n a t i o n  f o r  periods of 10 seconds while o s c i l l a t i n g  
the  specimen i n  the  beam. The background l e v e l  was  measured accura te ly  and 
subt rac ted  from a l l  measurements. 
It may be simply shown t h a t  a measured d i f f r a c t e d  i n t e n s i t y ,  I, a t  an 
angle ,  d, t o  the  a x i a l  d i r e c t i o n  represents  a volume of ma te r i a l  p ropor t iona l  t o  
I Sin 8. Thus by sumning the  value of 1 Sin d from d = 0' t o  (6 = 90' and d iv id ing  
a l l  measurements by t h i s  sum, the  values  are normalized t o  mul t ip les  (and sub- 
mul t ip les )  of a t r u e  random value.  
work. 
This procedure w a s  adopted i n  the  present  
It should perhaps be stressed t h a t  t he  methods described above make no 
assumption of t he  ex is tence  of f i b e r  tex tures .  It i s  only assumed t h a t ,  averaged 
over the  whole specimen, the  t ex tu re  has a x i a l  symmetry. 
Since the  peak i n t e n s i t y  values  along the  a x i s  a r e  very suscep t ib l e  
t o  e r r o r  and s ince ,  because of t he  na tu re  of the  I S in  d expression, they 
represent  a vanishingly small volume of t h e  material, o the r  quan t i t a t ive  measures 
of t he  t ex tu re  have a l s o  been derived. 
between (4 = 0' and 10' o r  20°, and mult iplying by p /2  (where p i s  the  m u l t i p l i c i t y  
By summing the normalized values  of I Sin d 
of t he  c r y s t a l  planes d i f f r a c t i n g ) ,  one obta ins  the  f r a c t i o n ,  o r  percentage, of 
material f o r  which the  ax i s  lies wi th in  10' o r  20° of  the  c rys ta l lographic  d i r ec t ion .  
For example, t he  value of all>, 20° i nd ica t e s  the  percentage of material f o r  
which the  a x i s  l ies wi th in  20' of all>. 
* 
* 
For a random sample, QOO>, 10' = 4.5%; QOO>, 20' = 18%; all>, loo = 6%; 
all>, 20' = 24%. 
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In  order t o  study the  t ex tu re  a t  d i f f e r e n t  depths within the  wires, 
back r e f l e c t i o n  d i f f r a c t i o n  pa t te rns  were recorded photographically on se l ec t ed  
specimens. 
intermediate  pos i t ions .  Several  specimens were a l s o  chemically thinned t o  0.01 
inch (0.025 cm) diameter, and forward r e f l e c t i o n  photographs taken t o  check 
q u a l i t a t i v e l y  the  t ex tu re  components present a t  the  very center  of the  wires, 
These were done a t  the  sur face  and center  l i n e  pos i t ions ,  or  a t  three  
RESULTS AND DISCUSSION 
I n  the  discussion of r e s u l t s  which follows, i t  i s  more convenient t o  
review the  N i  and Ni-2Th02 r e s u l t s  f i r s t ,  followed by a discussion of t he  four  
Cr-containing a l loys .  A General Discussion Section a t  the  end r e l a t e s  a l l  of the  
observations.  I n  each of t he  following two sec t ions  the  discussions center  around 
observations deal ing with: microstructure ,  t e n s i l e  deformation, creep and creep 
rupture ,  and tex ture .  
N i  and Ni-2Th02 
Microstructure  
The microstructures  of as-extruded N i  and Ni-2Th0 a r e  shown i n  Figures 2 
Jc 
2 and 3 respec t ive ly .  
pure N i  obviously r ec rys t a l l i zed  (Figure 2a). However, transmission e l ec t ron  
microscopy showed t h a t  a considerable  amount of d i s loca t ion  subs t ruc ture  s t i l l  
On cool ing from t h e  ex t rus ion  temperature of 1093°C, the 
* 
A l l  of the  micrographs i n  t h i s  repor t  a r e  from longi tudina l  sec t ions .  When 
microstructures  appear elongated, the rod a x i s  i s  p a r a l l e l  t o  t he  d i r e c t i o n  
of elongation. 
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(b) 30,OOOX 
FIGURE 2. Microstructure  of as-extruded N i ;  (a) 
o p t i c a l  micrograph, (b) t ransmission 
e l e c t r o n  micrograph. 
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(b) 12,  ooox 
3 0, OOOX (c)  
FIGURE 3 .  Microstructure  of as-extruded Ni-2Th02; (a) 
o p t i c a l  micrograph, (b) r e p l i c a  e l ec t ron  
micrograph, (c) transrnis s ion  e l ec t ron  
micrograph. 
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remained (Figure 2b). 
somewhat elongated gra ins  (Figure 3) ,  bu t  t h e  degree of g ra in  elongat ion i n  t h i s  
Ni-2Th02 b a r  w a s  considerably less than t h a t  i n  commercial 1/2-inch (1.27 cm) 
diameter TD Nickel bar.  
The as-extruded Ni-2Th02 micros t ruc ture  contained f i n e ,  
Af t e r  anneal ing t h e  extruded N i  and Ni-2ThO ( the  s t a r t i n g  poin t  f o r  
drawing Procedure B) t he  r e s u l t i n g  micros t ruc tures  were those  shown i n  Figures 
4 and 5. 
t h e  amount of d i s l o c a t i o n  subs t ruc tu re  (Figure 4b compared with Figure 2b). 
2 
The anneal ing coarsened t h e  pure N i  g r a in  s i z e  somewhat and reduced 
TEM 
showed t h a t  many gra ins  i n  t h e  annealed N i  had no d i s l o c a t i o n  subs t ruc ture  what- 
soever.  
i.e., recovered, t h e  s t r u c t u r e  of  t he  Ni-2Th02 a l l o y  somewhat, bu t  t h e  o p t i c a l  
and replica micrographs i n  Figure 5 revea l  t h a t  r e c r y s t a l l i z a t i o n  d id  no t  occur. 
The transmission micrograph i n  Figure 5c shows t h a t  t h e  anneal  coarsened, 
During drawing of t h e  N i  and Ni-2Th02 by Procedure A,  t he  gra ins  became 
inc reas ing ly  elongated wi th  increas ing  drawing s t r a i n  and t h e  spacing between 
t h e  elongated tangled d i s l o c a t i o n  c e l l  w a l l s  decreased. When t h e  pure N i  was 
drawn by Procedure B, r e c r y s t a l l i z a t i o n  occurred a f t e r  each anneal,  and t h e  re- 
s u l t i n g  g ra in  s i z e  var ied  somewhat with the  t o t a l  drawing s t r a i n .  A f t e r  anneal ing 
Ni-2Th02 specimens drawn by Procedure B y  it w a s  found t h a t  t he  c e l l  width remained 
r e l a t i v e l y  constant  with inc reas ing  t o t a l  drawing s t r a i n ,  which ind ica t e s  t h a t  
t h e  worked s t r u c t u r e  recovered during annealing. 
Procedure B p a r t i a l l y  r e c r y s t a l l i z e d  (- 30%) a f t e r  t h e  f i n a l  anneal .  The g r a i n  
s i z e s  and c e l l  diameters are l i s t e d  i n  Table 3 as a func t ion  of drawing s t r a i n  
The Ni-2Th02 drawn 92.5% by 
f o r  both N i  and Ni-2Th02 drawn by Procedures A and B y  and r ep resen ta t ive  micro- 
s t r u c t u r e s  i n  Figures  6-10 i l l u s t r a t e  t h e  following fea tures :  
Figure 6: O p t i c a l  micrographs showing increas ing  cold work as N i  
was drawn by Procedure A. 
1 7  
Figure 7: Transmission micrographs showing decreasing c e l l  width as 
N i  was drawn by Procedure A .  
Figure 8. Transmission micrographs showing decreasing g ra in  and c e l l  
width as Ni-2Th02 w a s  drawn by Procedure A .  
O p t i c a l  micrograph showing r e c r y s t a l l i z e d  and non- 
r e c r y s t a l l i z e d  regions of Ni-2Th02 drawn 92.5% by 
Procedure B. 
Figure 9. 
Figure 10. Transmission micrographs showing r e l a t i v e  constancy of g ra in  
and c e l l  width i n  Ni-2Th02 drawn by Procedure B. 
It has been known f o r  a number of years  from o p t i c a l  microscopy observa- 
t i ons ,  t h a t  deformation causes formation of voids  a t  t h e  i n t e r f a c e  between coarse 
p a r t i c l e s  (- 1 
transmission e l e c t r o n  microscopy t h a t  t h e  same was t r u e  f o r  f i n e  p a r t i c l e s  
(0.02-0.04 pm dia . )  of Si02 i n  Cu, and concurrent ly  Ashby(9) of fe red  a model t o  
account f o r  t h i s  behavior. Since then, t h e r e  have been s imilar  experimental  
dia . )  and the  matrix.  In  1966, P a l m e r  and Smith(8) showed by 
observat ions of void formation i n  Ni-2Th02 (lo, and Ni-20Cr-2Th02 (11-13)- In 
each of these  cases t h e  deformations have been f a i r l y  heavy, s ince  t h i s  i s  required 
before  the  voids  are l a rge  enough t o  d e t e c t  by e l e c t r o n  microscopy. A s i m i l a r  
observat ion w a s  made i n  t h i s  s tudy on Ni-2Th02 drawn by Procedure A. 
and Table 4 i l l u s t r a t e  how the  void length  increases  wi th  increas ing  drawing 
s t r a i n .  
percent reduct ion by drawing i n  Figure 12(a)  and versus  t r u e  drawing s t r a i n ,  E 
i n  Figure 12(b). 
Figure 11 
The r a t i o  of void length,  X, t o  pa r t i c l e  diameter,  2 rv, i s  p lo t t ed  versus 
T’ 
The t r u e  drawing s t r a i n  w a s  determined from t h e  usua l  r e l a t i o n  
€ = Rn[l/(l-RA)] , T (3) 
where RA = f r a c t i o n a l  reduct ion i n  area by drawing. It i s  seen i n  Figure 12(b) 
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(b 1 30, OOOX 
FIGURE 4 .  Microstructure of extruded-plus-annealed 
Ni; (a) optical micrograph, (b) trans- 
mission electron micrograph. 
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12, ooox (b 1 
(c) 30, OOOX 
FIGURE 5. Microstructure  of extruded-plus-annealed 
Ni-2Th02; (a) o p t i c a l  micrograph, (b) 
r ep l i ca  e l ec t ron  micrograph, (c) t rans-  
mission e l ec t ron  micrograph. 
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(a) Drawn 53.4% 2 oox (b) Drawn 76.7% 200x 
(c) Drawn 88.5% 200x (d) Drawn 93.4% 2 oox 
FIGURE 6 .  Optical  micrographs of N i  drawn by Procedure A (no intermediate  
anneals) .  
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(a) Drawn 53.4% 30, OOOX 
(b) Drawn 93.4% 30,OOOX 
FIGURE 7. Transmission e l ec t ron  micrographs of N i  drawn by 
Procedure A (no intermediate  anneals) .  
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(a) Drawn 49.4% 30, OOOX 
(b) Drawn 92.5% 30, OOOX 
FIGURE 8. Transmission e l ec t ron  micrographs of Ni-2Th02 
drawn by Procedure A (no intermediate  anneals) .  
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200x 
FIGURE 9. O p t i c a l  micrograph of Ni-2Th02, drawn 
92.5% by Procedure B. Af t e r  t h e  f i n a l  
anneal ,  about 30% of the  c ross -sec t ion  
had r e c r y s t a l l i z e d .  
i 
Recrys ta  
Not 
Recrys t a  
lli .zed 
l l i  .zed 
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(a) Drawn 46.5% 30, OOOX 
(b) Drawn 92.5% (taken i n  30,OOOX 
unrecrys t a l l i z e d  region) 
FIGURE 10. Transmission e l ec t ron  micrographs of Ni-2Th02 
drawn by Procedure B ( intermediate  anneals).  
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(a) Drawn 46.5% 60, OOOX 
(b) Drawn 86.8% 60, OOOX 
FIGURE 11. Transmission micrographs of Ni-2Th02 drawn by 
Procedure A,  i l l u s t r a t i n g  increasing growth of 
voids a t  Tho2 p a r t i c l e s  with increas ing  drawing 
s t r a i n  e 
2 7  
TABLE 4. AVERAGE RATIO OF VOID LENGTH, X, TO PARTICLE DIAMETER, 2rv, 
I N  Ni-2Th02 DRAWN BY PROCEDURE A (No intermediate  anneals)  
To ta l  % Reduction True 
by Drawing Drawing S t r a i n  
* 
x/2rv 
A s  -extruded 0 Voids not  de t ec t ab le  by TEN 
49.4 0.63 0.47 
73,3 1.32 0.55 
86.8 2.02 1.43 
92.5 2.59 1.69 
* 
Voids were not  detected a t  a l l  of t he  particles.  
a re  the  average of about 50 measurements p e r  condi t ion  on those particles 
which had de tec t ab le  voids  assoc ia ted  wi th  them. 
The X/2rv values reported 
2 0  
1.5 
s 
X 
q 1.0 
0 5  
0 
1 1 1 1 1 l l l  
1 
i 
id 
particle 
I 
I 
/ 
/ 
4s-extruded / 
/ /’ /<- 4 
I l l 1  
10 20 30 40 50 60 70 80 90 
Total Reduction by Drawing Procedure A , O/O 
2D 
1.5 
k’ q ID 
X 
0.5 
0 
I 2 3 
True Drawing Strain, eT, by Procedure A 
FIGURE 1 2 .  Growth of voids  a t  Tho2 p a r t i c l e s  during 
drawing of Ni-2Th02 by Procedure A. 
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t h a t  a 
t o  the  simple empir ical  r e l a t i o n  
least-squares  s t r a i g h t  l i n e  can be drawn through the  poin ts ,  which leads 
X/2rv  = 0.6 CT . ( 4 )  
I n  a l l  cases  of Ni-2Th02 drawn by Procedure B y  no voids a t  t he  particle- 
matr ix  i n t e r f a c e  were ever  detected,  e.g., see Figure 10, which ind ica t e s  t h a t  
the  high temperature anneals were s u f f i c i e n t  t o  h e a l  t he  voids.  This observation 
i s  cons is ten t  with the  f a c t  t h a t  pa r t i c l e lma t r ix  voids  a r e  not  observed i n  
commercial TD Nickel,  DS Nickel, o r  TD Nickel-Chromium. Even though these  
ma te r i a l s  a r e  given repeated deformations during processing, t he  in t e rmi t t en t  
and f i n a l  anneals appear t o  be s u f f i c i e n t  t o  hea l  any voids which may have formed, 
a t  l e a s t  t o  the  point  where they are not  de tec tab le  by transmission e l ec t ron  
microscopy. 
Since there  has been no systematic  s tudy of t h e  k i n e t i c s  of void 
heal ing i n  these d ispers ion  strengthened a l l o y s ,  i t  i s  not  poss ib le  t o  say what 
times o r  temperatures a r e  required t o  e l imina te  the  voids ,  o r  hea l  them t o  the  
poin t  where they a r e  no longer de tec tab le  by TEN. Webster (12, 13) has suggested 
t h a t  such voids i n  TD Nickel and TD Nickel-Chromium r e t a r d  r e c r y s t a l l i z a t i o n  and 
g ra in  growth i n  these  a l l o y s .  I f  t he  voids hea l  up rap id ly  during high tempera- 
t u r e  annealing, it i s  l i k e l y  t h a t  they would have no e f f e c t  whatsoever on re- 
c r y s t a l l i z a t i o n  and g ra in  growth. 
Tensi le  Deformation 
The t e n s i l e  deformation r e s u l t s  f o r  N i  and Ni-2Th02 a r e  given i n  Tables 
5-8, and s t r eng th  and d u c t i l i t y  a r e  p lo t t ed  as a funct ion of reduct ion by drawing 
i n  Figures 13-16. Figure 13 shows room temperature t e n s i l e  r e s u l t s  f o r  pure N i  
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a f t e r  having been drawn by Procedures A and B. A f t e r  drawing by Procedure A (no 
intermediate  anneals)  the  y i e ld  and u l t imate  s t rengths  increased with increas ing  
drawing s t r a i n .  This is  i n  accord wi th  previous observations on drawn fer rous  
a l l o y s  (14-17), MO-TZM(~~), and W(19), where i t  has been shown t h a t  t he  s t rengthen-  
ing r e s u l t s  from subs t ruc ture  refinement. The same explanat ion i s  relevant here,  
e .g . ,  s e e  Figure 7 and Table 3. 
l i z a t i o n  occurred a f t e r  each anneal,  and thus the  room temperature s t r eng ths  i n  
Figure 13 remained r e l a t i v e l y  constant.  The s l i g h t  v a r i a t i o n  i n  y i e ld  s t r eng th  
r e su l t ed  mainly from a v a r i a t i o n  i n  the  r e c r y s t a l l i z e d  g r a i n  s i z e .  
When pure N i  was drawn by Procedure B, r ec rys t a l -  
Figure 14 shows t h a t  drawing influenced the  room temperature s t r eng th  
of Ni-2Th02 i n  a s i m i l a r  fashion. 
creased a s  t h e  subs t ruc ture  was ref ined.  The same genera l  t rend i n  room tempera- 
t u r e  s t r eng th  a s  a funct ion of drawing s t r a i n  has been previously reported by 
Tracey and Worn (20) and Worn and Marton (21) on an experimental  Ni-2.5 weight 
percent  Tho2 a l loy .  However, when drawn by Procedure B,  the  intermediate  anneals 
recovered the  s t r u c t u r e  (see Figure 10 and Table 3) such t h a t  the  spacing between 
the  elongated c e l l s  and gra ins  remained r e l a t i v e l y  constant .  Thus, the  room 
temperature s t r eng th  i n  Figure 14 w a s  e s s e n t i a l l y  constant .  
i n  y i e l d  s t r eng th  a f t e r  92.5% drawing reduct ion was due t o  the  f a c t  t h a t  t h i s  
specimen was about 30% r e c r y s t a l l i z e d ,  a s  shown i n  Figure 9. 
When drawn by Procedure A the  s t r eng th  in-  
The s l i g h t  decrease 
Tensile r e s u l t s  on pure N i  a t  1093OC a r e  shown i n  Figure 15. There is 
l i t t l e  d i f f e rence  i n  s t r eng th  between ma te r i a l  drawn by Procedures A and B ,  p r e -  
sumably because specimens drawn by Procedure A r e c r y s t a l l i z e d  during heat-up t o  
the  test  temperature and during t e n s i l e  deformation. 
the  y i e l d  and u l t imate  s t r e n g t h  of Ni-2Th02 a t  1093OC increase  with increas ing  
drawing s t r a i n  a f t e r  drawing by both Procedures A and B. 
I n  Figure 16 i t  i s  seen  t h a t  
The highest  s t rengths  
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were achieved f o r  specimens drawn by Procedure A. 
Procedure A was examined metal lographical ly  a f t e r  t e n s i l e  t e s t i n g  a t  1093OC 
The specimen drawn 92.5% by 
and i t  had not  r e c r y s t a l l i z e d ,  
i s  t h a t  t he  s t r eng th  of t h e  Ni-2Th02 drawn by Procedure B increased with increasing 
drawing s t r a i n ,  whereas the  room temperature s t r eng th  was r e l a t i v e l y  constant 
(Figure 14) and there  was no la rge  v a r i a t i o n  i n  ce l l  width (Table 3) .  
A somewhat su rp r i s ing  observation i n  Figure 16 
An explana- 
t i o n  of t h i s  behavior i s  given l a t e r .  
The inf luence of gra in  s i z e  and c e l l  diameter on the  room temperature 
and 0.2% y ie ld  s t rength ,  a of N i  and Ni-2Th02 was aP.L., Y.S.' p ro  p or  t iona 1 1 i m i  t , 
examined i n  terms of the  Hall-Petch ana lys i s ;  
112 
(5 = o0 I-  kR- 
¶ (5) 
where = gra in  o r  c e l l  s i z e .  The r e s u l t s  a r e  p lo t ted  i n  Figure 1 7  as  a 
versus R -'I2 and Figure 18 a s  ayes versus 
P.L. 
Equation (5) i s  obeyed. i n  
both cases,  and the  s lopes,  o r  k values ,  f o r  t he  pure N i  p l o t s  a r e  g r e a t e r  than 
the  corresponding values  f o r  Ni-2Th02 i n  both Figures 1 7  and 18. 
these  f igures  a r e  a d d i t i o n a l  r e s u l t s  from the  l i t e r a t u r e  on pure N i  
Included i n  
(2, 22-24) and 
N i  - 2 Tho2 (2,221 
The convergence of t he  N i  and Ni-2Th02 proport ional  l i m i t  p l o t s  i n  
Figure 17 i s  more pronounced than t h e  corresponding 0.2% y ie ld  s t r eng th  p l o t s  i n  
Figure 18. 
R-1/2 = 2.8 prn-'j2, o r  R = 0.128 /hn, which i s  c lose  t o  the  mean planar  edge-to-edge 
p a e t i c l e  spacing of the  0.134 pm i n  the  Ni-2Th02 a l l o y .  
the  ce l l  spacings of the N i  and Ni-2Th02 a l l o y s  a r e  of the  order of the i n t e r -  
p a r t i c l e  spacing of the Ni-2Th02 a l loy ,  the s t rengths  of both mater ia l s ,  a s  
measured by the  proport ional  l i m i t ,  a r e  the same. 
The extrapolated point  of convergence i n  Figure 1 7  would correspond t o  
This r e s u l t  suggests t h a t  when 
This r e s u l t  seems eminently 
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reasonable,  s ince  here the  average spacing between b a r r i e r s  t o  d i s loca t ion  motion, 
whether they a r e  p a r t i c l e s  o r  c e l l  boundaries, is about t h e  same fo r  both materials. 
-'I2 p lo t s  of N i  and Ni-2Th0 The 0.2% y ie ld  s t r eng th  versus R 
Figure 18 converge a t  a smaller c e l l  s i z e ,  R m  0.07 pm, than the corresponding 
i n  2 
proport ional  l i m i t  p lo t s  i n  Figure 1 7 .  A possible  explanat ion i s  t h a t  the  p a r t i c l e s  
i n  Ni-2ThO enhance work hardening, even i n  the  f i r s t  0.2% p l a s t i c  s t r a i n  and even 
f o r  ma te r i a l  with very  c lose ly  spaced c e l l  boundaries. The increment i n  measured 
2 
s t r e s s  assoc ia ted  wi th  t h i s  enhanced work hardening has the  e f f e c t  of d i sp lac ing  
with respec t  t o  OPeL more f o r  Ni-2Th02 than f o r  pure N i .  This then causes OY.S. 
t he  y i e ld  s t r e n g t h  p lo t s  t o  converge a t  a l a r g e r  R -'I2 than the  proport ional  
l i m i t  p lo t s .  
A t  i n f i n i t e  g ra in  s i z e ,  i.e., Rm112 = 0, the  increment i n  s t r e n g t h  due 
t o  Tho p a r t i c l e s  is g r e a t e s t ,  and the  values of A U 
2 P.L. . 
and 18 a r e  18,500 p s i  (128 MN/m2) and 21,000 p s i  (145 MN/m ), respec t ive ly .  
and A Dyes i n  Figures 1 7  
These 2 
values correspond t o  the  l e v e l  of s t rengthening expected i f  the  Orowan mechanism 
of hardening by non-deforming p a r t i c l e s  were operat ive.  ash by'^'^) model of t he  
Orman s t rengthening cont r ibu t ion  gives: 
The d e f i n i t i o n  of terms and the  appropriate  parameters f o r  t he  Ni-2Th02 
a l l o y  are:  
T = shear  s t r e s s  increment due t o  Orowan p a r t i c l e  hardening 
P 
G = shear  modulus of mat r ix  = 11.75 x 10 
b = magnitude of the  Burger 's  vec tor  
6 
p s i  (81.1 x 103 MN/m2) a t  25OC(25) 
r = average planar p a r t i c l e  radius  = (m) ( rv)  = 82 w (0.0082 pm) 
S 
A =  mean planar  edge-to-edge p a r t i c l e  spacing = d-2rs, where d = 
mean planar center- to-center  p a r t i c l e  spacing; = 1340 2 (0.134 pm) 
cp = averaging f a c t o r  f o r  screw and edge d is loca t ions(26)  = 1.23. 
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Af te r  converting t o  t e n s i l e  s t r e s s ,  the  ca lcu la ted  va lue  of 1s 
(175 MN/m2). 
bowing between  particle^'^), the  r e s u l t  i s  u = 20,600 p s i  (142 MN/m2) 
i s  25,400 p s i  
P 
I f  the  ca l cu la t ion  i s  made f o r  the  case of only edge d i s loca t ions  
P 
It i s  of i n t e r e s t  t o  compare the r e l a t i v e  room temperature hardening 
c a p a b i l i t y  of second phase p a r t i c l e s  with t h a t  of g ra in  or c e l l  boundaries. 
S t a r t i n g  wi th  a s i n g l e  c r y s t a l  of pure N i ,  an  increase  of 21,000 p s i  (145 MN/m ) 
i n  t he  0.2% t e n s i l e  y i e l d  s t r eng th  can be achieved by adding 2.58 vol.% of 
2 
randomly spaced Tho2 p a r t i c l e s  having an  average p a r t i c l e  diameter of 0.02 um, i . e . ,  
a mean planar  edge-to-edge p a r t i c l e  spacing of 0.134 pm. From Figure 18, it is 
seen t h a t  the  same increment i n  s t r eng th  can be achieved by gra in  boundaries o r  
tangled d i s loca t ion  c e l l s  which have a spacing of 5.17 /J m ; i . e . ,  
= 0.44 Another way of examining t h i s  i s  t o  determine the  expected 
increase  i n  y i e ld  s t r e n g t h  of p u r e  N i  i f  the  boundaries had the  same spacing as 
p a r t i c l e s  i n  Ni-2Th02 (0,134 pm).  
t o  A " l l 2  = 2.73 /J m-'I2, i t  is  found t h a t  a y i e ld  s t r e n g t h  increment of 133,500 p s i  
(921  MN/m ) i s  r ea l i zed ,  compared with the  21,000 p s i  (145 MN/m ) achieved by 
Extrapolat ing the  pure N i  r e s u l t s  i n  Figure 18 
2 2 
p a r t i c l e s  which had t h e  same edge-to-edge spacing as the  boundaries. Thus, f o r  
a given spacing between boundaries o r  between p a r t i c l e s ,  boundaries are more 
than  six t i m e s  as potent  i n  r a i s i n g  the  room temperature y i e l d  s t r eng th  than 
are p a r t i c l e s .  
A t  t h i s  po in t  i t  is  worth examining the  concept of a d d i t i v e  s t rengthening 
(27) mechanisms which has been proposed by Webster (13' and Hansen and L i l h o l t  . 
Webster considered 0.2% o f f s e t  y i e l d  s t r eng th  r e s u l t s  f o r  N i ,  Ni-2Th02, Ni-20Cr, 
and Ni-20Cr-2Th02, and Hansen and L i l h o l t  have reviewed the  l i t e r a t u r e  f o r  a 
number of ma te r i a l s ,  e.g. ,  SAP-type a l l o y s ,  d i spers ion  strengthened N i  and N i - C r  
a l l o y s ,  ferrous a l loys ,  and d ispers ion  strengthened Z r .  Both came t o  t h e  conclu- 
s i o n  t h a t  s t rengthening a t  room temperature by d ispers ions ,  s o l i d  so lu t ion  
47 
add i t ions ,  and refinement of g r a i n  s i z e  and d i s l o c a t i o n  subs t ruc ture  could be 
considered add i t ive .  This led Hansen and L i l h o l t  t o  propose the  following 
r e l a t i o n  f o r  t h e  0.2% o f f s e t  y i e l d  s t rength :  
where (5 
increment a r i s i n g  from g ra in  o r  ce l l  boundaries, (5 = s t r eng th  increment (Orowan 
cont r ibu t ion)  due t o  second phase par t ic les ,  and go can be considered t h e  0.2% 
y i e l d  s t r e n g t h  of a pure base-metal s i n g l e  c r y s t a l .  Considering, f o r  the  moment, 
Equation (7) without s o l i d  so lu t ion  s t rengthening e f f e c t s ,  the  following r e l a t i o n  
should hold : 
= s t r e n g t h  increment due t o  s o l i d  so lu t ion  add i t ions ,  (5 = s t r eng th  
s o l  gb 
P 
Y e t ,  from Figure 18, i t  is seen t h a t  t he  p a r t i c l e  cont r ibu t ion ,  (5 diminishes as 
A-1/2 increases ,  i.e,,, (5 = f(A-lI2).  
P' 
Thus, Equation (8) i s  no t  s t r i c t l y  va l id .  
P 
However, f o r  g r a i n  o r  c e l l  s i z e s  i n  the  range corresponding t o  R -lI2 R3 0 t o  1.2 p m-1/.2 
Equation (8) i s  a reasonable approximation. I n  f a c t ,  Webster and Hansen and L i l h o l t  
over approxi- -1/2 w e r e  l ed  t o  t h e  a d d i t i v i t y  conclusion by t h e i r  p l o t s  of (J versus R 
mately t h i s  R -'I2 range, where i t  was poss ib le  t o  draw parallel  l i n e s  f o r  d i s -  
persion-containing and d ispers ion- f ree  a l l o y s  of t he  same base composition. 
I n  a n  a t tempt  t o  a s c e r t a i n  whether t h e  subs t ruc tu re  refinement played a 
s i m i l a r  r o l e  i n  s t rengthening  a t  high temperatures, t h e  Hall-Petch ana lys i s  w a s  
appl ied  t o  the Ni-2Th02 r e s u l t s  f o r  t e n s i l e  tests a t  1093OC. 
of t h e  0.2% y i e l d  s t r e n g t h  of Ni-2Th02 a t  1093OC as a func t ion  of Here 
i t  i s  seen t h a t  t h e r e  i s  a g rea t  dea l  of scatter, and thus no good c o r r e l a t i o n  
between y i e l d  s t r eng th  and R 
Figure 19 i s  a p l o t  
-1/2 . 
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It became apparent,  however, t h a t  t he  high temperature y i e l d  s t r eng th  
w a s  propor- 
0k.S.  
did  relate t o  the  shape of t he  gra ins  o r  c e l l s ,  and i n  f a c t ,  
t i o n a l  t o  the  g ra in  aspec t  r a t i o ;  i.e., r a t i o  of g ra in  o r  c e l l  length,  L, t o  gra in  
o r  ce l l  width, A. Table 9 l i s ts  values of L/R f o r  some of the Ni-2Th0 specimens 2 
examined i n  t h i s  s tudy,  toge ther  with previous r e s u l t s  on TD Nickel bar  (2,3,30,36) 
contained very coarse elongated gra ins .  (2,30) and r e c r y s t a l l i z e d  TD Nickel which 
From the  a v a i l a b l e  micrographs, i t  was no t  poss ib le  t o  determine L/R f o r  a l l  of 
t h e  Ni-2Th0 specimens examined i n  t h i s  program. 2 
> 12 ,  i t  was impossible t o  obta in  an accu ra t e  measure of t he  gra in  length,  L. 
However, the  ava i l ab le  da t a  are p lo t t ed  i n  Figure 20(a) as (5 
an  exce l l en t  c o r r e l a t i o n  i s  obtained. 
In  p a r t i c u l a r ,  i f  the  r a t i o s  were 
N 
versus L/R, and 
Y.S, 
S i m i l a r  co r re l a t ions  with s t r e s s - rup tu re  and 
creep behavior a r e  obtained i n  Figures 20(b) and (c) ,  respec t ive ly ,  and t h i s  w i l l  
be discussed l a t e r .  
An important f ea tu re  of Figure 20(a) is the  observat ion t h a t  the  two 
da ta  points  f o r  r e c r y s t a l l i z e d  TD Nickel f i t  the  curve. These materials had coarse 
elongated compared with very f i n e  elongated grains  f o r  t he  o ther  
po in ts  i n  Figure 20(a). Thus, i n  t h i s  case,  the  g ra in  f ineness  o r  coarseness i s  
no t  measurably important as f a r  as inf luenc ing  the  y i e l d  s t r eng th  a t  1093OC. 
Instead,  t he  g ra in  aspec t  r a t i o  appears  t o  be the  dominant fac tor .  
A physical  i n t e r p r e t a t i o n  of Figure 20(a) i s  t h a t  gra in  boundary 
(3) s l i d i n g  plays an important r o l e  i n  high temperature y ie ld ing .  Wilcox and Clauer 
previously suggested t h i s  t o  be the  case f o r  high temperature creep of TD Nickel 
ba r ,  and Fraser  and Evans (29) and Doble, e t  a l .  (30) f e l t  t h a t  g ra in  boundary 
s l i d i n g  was  t h e  predominant mechanism f o r  y i e ld ing  of Ni-Th02 a l l o y s  t e n s i l e  
t e s t e d  a t  high temperatures. When most of t he  gra in  boundaries are p a r a l l e l  t o  
t he  s t r e s s  axis,  i.e., a highly elongated microstructure ,  t he re  is ,  on average, 
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a l o w  resolved shear  stress on the  boundaries. This minimizes the  o v e r a l l  amount 
of  s l i d i n g ,  
un i ty  (equiaxed gra ins) .  
have b e t t e r  high temperature s t r eng th  than a f i n e  equiaxed s t ruc tu re ,  because having 
fewer boundaries would reduce the  t o t a l  amount of s l i d i n g .  
g ra in  s i z e  e f f e c t  a t  high temperatures. 
TD Nickel da ta  poin ts  f i t  the o versus L/R p l o t  i n  Figure 20(a) suggests  
t h a t  any g ra in  s i z e  d i f f e rence  here  has a second order  e f f e c t  on the y i e l d  s t r eng th ,  
compared wi th  t h e  inf luence  of t h e  g ra in  aspec t  r a t i o .  
should be apparent  a t  temperatures above - 0.5 Tm (- 6OO0C f o r  Ni-2Th02) s ince  
he re  the re  can be a s i g n i f i c a n t  cont r ibu t ion  of g ra in  boundary s l i d i n g  t o  t h e  
t o t a l  deformation. 
The maximum s l i d i n g  would occur when the  g ra in  aspect r a t i o  was 
It i s  probable t h a t  a coarse  equiaxed s t r u c t u r e  would 
Thus, t he re  can be a 
The observat ion t h a t  the  two r e c r y s t a l l i z e d  
Y. s. 
The gra in  elongat ion e f f e c t  
A t  1093OC it appears t h a t  s l i d i n g  plays a dominant ro l e ,  al though cer -  
* 
t a i n l y  accommodation deformation wi th in  gra ins  must occur. A t  lower temperatures,  
approaching 0.5Tm, o r  a t  much higher  s t r a i n  rates, i t  is  expected t h a t  t he re  
would be a l a r g e r  r e l a t i v e  cont r ibu t ion  of gra in  i n t e r i o r  deformation t o  macroscopic 
y ie ld ing .  Although the re  are not  enough data present ly  ava i l ab le  t o  quan t i t a t ive ly  
a s ses s  t h i s  i n  the  case of Ni-Th02 a l l o y s ,  Figure 21 schematical ly  dep ic t s  the  
a n t i c i p a t e d  behavior.  
t he  g ra in  width, A, is  constant .  I f  t h i s  assumption were not  made, then compli- 
ca t ions  would a r i s e  because a t  higher  r a t e s  and lower temperatures g ra in  s i z e  
s t rengthening would be superimposed on t h e  g ra in  aspect r a t i o  e f f e c t .  The in t e rp l ay  
between g ra in  s i z e  s t rengthening and deformation due t o  g r a i n  boundary s l i d i n g  
might be s i m i l a r  to the  e f f e c t s  observed i n  d ispers ion  strengthened z inc  by 
Here L/R i s  p lo t t ed  ho r i zon ta l ly ,  bu t  i t  is assumed t h a t  
Jc 
It i s  assumed t h a t  d i f f u s i o n a l  accommodation processes a r e  too slow t o  be 
important during y ie ld ing .  
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Grain Aspect Ratio, L/II -+ 
(assuming constant R ) 
(a) Constant 2 
T, < 0.5 T, 
r Equioxed (L/R =I) 
(b) Constant T, where T >>O.5Tm 
i, 
Equiaxed (L/A=l) 
Grain Aspect Ratio, L/X -I- 
(assuming constant 1) 
FIGURE 21. Schematic p l o t s  showing how t e s t  temperature and s t r a i n  rate may 
inf luence the r e l a t i o n  between y i e l d  s t r e n g t h  and g r a i n  aspec t  
r a t i o ,  L/R, i n  Ni-Th02 a l l o y s .  
. I n  Figure 21(a),  t h e r e  i s  no inf luence of aspec t  r a t i o  a t  (31) Tromans and Lund 
T1 < 0.5 Tm. 
f u r t h e r  lowered, o r  as R w a s  decreased a t  cons tan t  T and constant  L/R; i . e . ,  the 
usua l  Hall-Petch s t rengthening.  A t  T > 0.5 T g r a i n  boundary s l i d i n g  assumes 
some importance i n  y i e ld ing ,  and here  the re  i s  a n  e f f e c t  of g r a i n  aspec t  r a t i o .  
A t  s t i l l  h igher  temperatures T >> 0.5 Tm, g r a i n  boundary s l i d i n g  cont r ibu t ions  
t o  y i e ld ing  become much more important,  and the  inf luence of L/R on the  y i e ld  
This carve would be s h i f t e d  t o  h igher  stresses as temperature i s  
2 m 
3 
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s t r e n g t h  i s  more pronounced. 
of Ni-2Th02) gra in  width, A, i s  not  s i g n i f i c a n t l y  important from the Hall-Petch 
A t  these very high temperatures (1093OC i n  t he  case 
s t rengthening  point  of view, s ince  most of the  macroscopic y ie ld ing  occurs by 
boundary s l i d i n g .  
S imi la r ly ,  Figure 21(b) reveals  the  a n t i c i p a t e d  e f f e c t s  of s t r a i n  r a t e  
a t  T >> 0.5 Tm. For very high r a t e s  of deformation, Fly gra in  boundary s l i d i n g  
may no t  occur, and hence the re  i s  no e f f e c t  of aspec t  r a t i o  on y i e l d  s t r eng th .  
Here the re  would be an e f f e c t  on s t r eng th  due t o  g ra in  width, A. 
lower s t r a i n  r a t e s ,  F2 and F 
would be a l a r g e r  inf luence of aspec t  r a t i o  on y i e ld  s t r eng th .  
A t  progressively 
s l i d i n g  would become more pronounced, and the re  33 
The conclusion t h a t  an elongated g ra in  s t r u c t u r e  i s  des i r ab le  f o r  high 
temperature s t r eng th  i s  no t  new. For example, workers i n  the  lamp fi lament industry 
have known f o r  many years  t h a t  doped tungsten,  which r e c r y s t a l l i z e s  t o  a coarse 
elongated g ra in  s t r u c t u r e ,  i s  f a r  super ior  t o  undoped tungsten,  which r e c r y s t a l l i z e s  
wi th  an equiaxed g ra in  s t r u c t u r e .  The bene f i t  of doping i s  derived i n  pa r t  from 
enhanced creep r e s i s t ance  due t o  the  elongated gra in  s t r u c t u r e ,  
and Guard (32) obtained d i r e c t i o n a l  gra in  s t r u c t u r e s  i n  a c a s t  N i - C r - A 1  a l l o y ,  
and found improved high temperature d u c t i l i t y  and creep rupture  behavior compared 
Also, Ver Snyder 
wi th  the  same a l l o y  having an equiaxed g ra in  s t r u c t u r e .  Bourne, e t  a1 (72) d i s -  
pers ion strengthened P t  and P t  a l l o y s  with a number of oxides and carbides .  They 
produced s t a b l e  elongated grains  by thermomechanical processing, with gra in  
aspec t  r a t i o s  a s  high a s  12.5, and they found t h a t  high temperature creep 
increased with increas ing  L/R. For example, i n  a thermo- r u p t u r e  l i f e ,  
mechanically processed Pt-0.04% T i c  a l l o y  they found the  following r e s u l t s :  
1400°C and 700 p s i  (4.8 MN/m ) tr = 800 hours f o r  L/R = 5 and t r  = 1200 
hours f o r  L/A = 12.5. Recently, Benjamin (33) and Benjamin and 
Cairns (34) reported a new supera l loy  development involving ''mechanical 
tr' 
a t  
2 
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al loying ' '  which allowed them t o  combine Y' hardening f o r  low temperature s t r eng th  
w i t h  oxide d ispers ion  s t rengthening f o r  high temperature s t rength .  
material  w a s  ho t  extruded, and when r e c r y s t a l l i z e d  
gated g ra in  s t r u c t u r e .  
Their 
i t  had a coarse,  very elon- 
I n  t h i s  condi t ion,  t h e  u l t ima te  t e n s i l e  s t r e n g t h  a t  1093OC 
was equiva len t  t o  t h a t  of TD Nickel bar.  P r i o r  t o  t h i s  development, Cook, e t  a l .  (35) 9 
produced i n  shee t  form a Ni-base a l l o y  strengthened by Y' which a l s o  contained 
Tho2 p a r t i c l e s .  
80-A i n  t h e  hea t - t r ea t ed  condi t ion,  bu t  a t  high temperatures (7 95OoC), the  usua l  
Tho2 particle s t rengthening  was no t  achieved. The micros t ruc ture  contained f i n e ,  
nearly-equiaxed g ra ins ,  and the  primary mode of deformation a t  high temperatures 
Their  material had low temperature s t r e n g t h  equiva len t  to Nimonic 
w a s  probably g ra in  boundary s l i d i n g .  Because pronounced s l i d i n g  took p lace  a t  
r e l a t i v e l y  low stresses, compared wi th  t h a t  required t o  produce macroscopic mat r ix  
y i e ld ing ,  the  p o t e n t i a l  Tho2 s t rengthening w a s  no t  u t i l i z e d .  
A t  t h i s  po in t  i t  i s  re levant  to compare t h e  present  r e s u l t s  on Ni-Th02 
wi th  the  work of previous  investigation^(^^'^^^ 30) which have r e l a t ed  thermo- 
mechanical processing by drawing and swaging t o  room temperature and high tempera- 
t u r e  s t r e n g t h  proper t ies .  This i s  done i n  Figure 22, which shows p l o t s  of u l t ima te  
s t r e n g t h  a t  25, 871, and 1093OC as a funct ion of reduct ion by drawing o r  swaging. 
U l t i m a t e  s t r eng th ,  r a t h e r  than y i e l d  s t r eng th ,  is p lo t t ed  s ince  s e v e r a l  of t he  
previous inves t iga t ions  reported only t h i s  property. Also included i n  Figure 22 
are r e s u l t s  from t h e  present  s tudy  and from t h e  work of F rase r  and Evans (29) on 
the  inf luence  of  drawing on g ra in  and c e l l  s i z e .  The room temperature s t r eng th  
of Ni-2Th0 
same genera l  fashion as the  earlier work of Tracey and Worn(20), and t h i s  i s  
a s soc ia t ed  w i t h  subs t ruc tu re  refinement.  However, t h e  s t r e n g t h  at 8 7 1  C 
1093 C ( 3 0 )  behaves somewhat d i f f e r e n t l y  from the  r e s u l t s  obtained on t h i s  program. 
drawn by Procedure A increases  wi th  increas ing  drawing strain i n  t h e  2 
(29) and 
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0 Ni-2.gW/o Tho2 (drawing - Procedure A, 
Room Temperature’ I I I I 
i 9 /  i
Ni-2.5VoTh02 (drawing, Ref. 20) 
NI- 2.9 w/o T h02 (drawing -Pro 
this work 1 
B , this work 1 
.- 
a 
8 loo 
0 .. 90 
80 
70 
cn 
30% recrystalized 
900 
800 
500 
g 01 I I I I I I I I I 
0 10 20 30 40 50 60 70 80 90 100 
Total Reduction by Drawing or Swaging , o/o 
FIGURE 22. Room temperature and high temperature s t r eng th ,  and g ra in  
s i z e  of Ni-2Th02 a l l o y s  a s  a funct ion of reduct ion by 
drawing o r  swaging. 
with those of previous inves t iga to r s ,  and i n  each case the  
s t a r t i n g  ma te r i a l  was extruded bar .  
Resul ts  of t h i s  work a r e  compared 
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Figure 22 shows t h a t  a f t e r  - 70% reduct ion by drawing, the  s t r eng th  a t  871OC 
remains constant  with fu r the r  working. Also, a f t e r  swaging, the  s t r eng th  a t  
1093OC remains constant  f o r  s t r a i n s  g rea t e r  than - 85%. 
a t  1093OC of  Ni-2Th0 
increase  with increas ing  drawing s t r a i n s  up t o  -93%. 
t h i s  d i f f e rence  is  t h a t  Fraser and Evans (29) and Doble, e t  a l .  (30), reached a 
However, t h e  s t r eng ths  
drawn by Procedures A and B i n  t h i s  study continue t o  2 
A possible  explanat ion f o r  
constant  g r a i n  aspec t  r a t i o  a t  high working reduct ions,  but t h i s  d id  not  occur 
i n  the  present  study. 
I n  a previous study, Wilcox and Jaffee") found t h a t  Tho2 p a r t i c l e s  
i n  r e c r y s t a l l i z e d  TD Nickel produced an increase  i n  y i e l d  s t r eng th ,  compared wi th  
pure po lyc rys t a l l i ne  n i cke l ,  over the  e n t i r e  temperature range 25 t o  12OO0C. The 
increase  i n  a 0.2% Y.S. 
and 9000 p s i  (62.1 MN/m2) a t  1200°C. 
2 above t h a t  of pure N i  was 22,000 (152 MN/m ) p s i  a t  25OC 
The r e c r y s t a l l i z e d  TD Nickel had coarse 
elongated g ra ins ,  with an L/R = 8.7 (Table 9).  Wilcox and J a f f e e  r a t iona l i zed  
t h e  increase  i n  y i e ld  s t r eng th  over t he  e n t i r e  temperature range i n  terms of the  
Orowan mechanism. They used Equation (6) t o  c a l c u l a t e  T and found good agree- 
ment between the  experimental and ca l cu la t ed  r e s u l t s .  
f indings of t h i s  research program, i t  now appears  t h a t  above -600°C, where 
P 
However, based on the 
g r a i n  boundary s l i d i n g  becomes important,  t he  agreement wi th  the  Orowan mechanism 
may have been fo r tu i tous .  For example, i f  t he  r e c r y s t a l l i z e d  TD Nickel had a 
d r a s t i c a l l y  d i f f e r e n t  g ra in  aspec t  r a t i o ,  say L/R = 2, then the  y i e ld  s t r eng th  
would have been - 67% lower a t  1093OC (Figure 20a), and agreement wi th  the  
Orowan mechanism a t  t h i s  temperature would not have been rea l ized .  
The observat ion t h a t  gra in  aspec t  r a t i o  i s  important i n  high temperature 
y i e ld ing  of Ni-Th02 a l l o y s ,  can be used t o  expla in  the  d i f f e rence  i n  r e s u l t s  
between the  work of Wilcox and Jaf fee(2)  and Doble and Q ~ i g g ' ~ ~ ) .  
r e s u l t s  were found by these  inves t iga to r s :  
The following 
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M a  t e r i a  1 L/A 
0.2% Y.S. a t  1093OC 
psi MN /mz Reference 
12.5 f 2.5 17,000 1 1 7  (2) 1/2" (1.27 cm) d ia .  TD 
Nicke 1 b a r  
Recrys ta l l ized  TD Nickel 8.7 11,900 82.1 (2) 
1" (2.54 cm) d i a .  TD Nickel - 10.0 13 , 300 91.8 (36) 
b a r  (Ann. 1 hr ,  1371OC) 
Recrys ta l l ized  TD Nickel ? 14,600 101.0 (36) 
A t  1093OC, Wilcox and J a f f e e  found a reduced y i e ld  s t r e n g t h  a f t e r  r e c r y s t a l l i z a t i a n  
and t h i s  i s  now a t t r i b u t e d  t o  a lower g ra in  aspec t  r a t i o  than t h a t  i n  the  1 / 2  
inch  (1.27 cm) diameter TD Nickel bar .  The s i m i l a r i t y  i n  y i e l d  s t r eng th  r e s u l t s  
of t he  1 inch (2.54 cm) diameter TD Nickel b a r  and the  r e c r y s t a l l i z e d  TD Nickel, 
obtained by Doble and Quigg, may possibly be due t o  t h e  fact  t h a t  both mater ia l s  
had s i m i l a r  g ra in  aspect r a t i o s .  
The above d iscuss ion  should no t  be construed t o  ind ica t e  t h a t  d i spers ion  
(or  even subs t ruc ture)  s t rengthening  i s  no t  important a t  h igh  temperatures. 
However, t h e  g ra in  aspec t  r a t i o  must be l a rge  (preferab ly  > 10) before  these  
s t rengthening  mechanisms can be e f f e c t i v e l y  u t i l i z e d  t o  make mat r ix  y ie ld ing  more 
d i f f i c u l t .  For optimum high temperature s t r eng th ,  i t  would be d e s i r a b l e  t o  have 
Ll.4 'Y 15. 
C r e e p  and C r e e p  Rupture 
I n  t h i s  phase of  the  program only the  d ispers ion  strengthened a l l o y ,  
Ni-2Th02, w a s  creep t e s t e d ,  and a l l  tests were performed a t  1093OC. 
mater ia l  drawn by Procedure B w a s  ex tens ive ly  t e s t ed ,  s ince  t h i s  method of working 
Only 
more c lose ly  approximated commercial practice.  I n  add i t ion ,  i t  w a s  expected t h a t  
t h e  micros t ruc ture  would be s t a b l e  as  a r e s u l t  of  recovery during t h e  f i n a l  
1200 C anneal,  whereas recovery o r  even r e c r y s t a l l i z a t i o n  of mater ia l  drawn by 0 
Procedure A could occur during creep t e s t i n g .  However, one comparison w a s  made 
between specimens of 
shown i n  Figure 23. 
were creep t e s t ed  a t  
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Ni-2Th02 drawn by Procedures A and By and the r e s u l t s  a r e  
The specimens had a t o t a l  reduct ion by drawing of -50% and 
2 4000 p s i  (27.6 NN/m ). 
( intermediate  anneals) had a longer primary 
rate, and a longer  time t o  rupture  than the  
The specimen drawn by Procedure B 
creep range, a lower minimum creep 
specimens drawn by Procedure A. 
A l l  of t he  creep r e s u l t s  on Ni-2Th02 are l i s t e d  i n  Table 10. The data 
a r e  p lo t ted  i n  Figure 24 as log € versus log (T, and i n  Figure 25 as log t 
min r 
versus  log (T, where F = minimum creep rate, (T = appl ied stress, and t = t i m e  
t o  rupture .  I n  both Figures 24 and 25, l i n e a r  r e l a t i o n s  a r e  apparent,  which 
min r 
lead  t o  the  p r o p o r t i o n a l i t i e s  
a 0“ ‘min 
a ( T - ~  . 
t r  
Increas ing  the  amount of t o t a l  reduct ion 
two e f f e c t s :  (1) the p l o t s  a r e  s h i f t e d  t o  higher  
by drawing Procedure 
stresses f o r  a given 
( 9 )  
(10) 
B had 
‘min or  
and (2) the s lopes,  o r  n values ,  increase .  The exponents increased from 
6.7 t o  22.0 f o r  minimum creep r a t e  (Figure 24) and from 7.8 t o  19.6 f o r  rupture  
l i f e  (Figure 25). Although stress exponents of n = 4 t o  5 are common f o r  creep 
of s i n g l e  c r y s t a l s  and pure po lyc rys t a l l i ne  metals,  very high stress exponents a r e  
common f o r  complex mater ia l s  such as d i spe r s ion  s t rengthened n i cke l  a l l o y s  
The q u a l i t a t i v e  argument t h a t  has been used t o  explain t h i s  behavior i s  t h a t  these 
complex a l l o y s  have a very high i n t e r n a l  stress, Ui. 
‘e, 
ae = CJ - oi. 
the  t o t a l  creep s t r a i n ,  the  above argument would hold i f  accommodation deformation 
by d i s loca t ion  g l i d e  o r  climb wi th in  gra ins  were the r a t e  con t ro l l i ng  creep process. 
(3,5-7,341 
Thus the  e f f e c t i v e  stress, 
ac t ing  on d i s loca t ions  i s  a s m a l l  f r a c t i o n  of t he  a p p l i e d  stress, 0, s ince  
Even i f  g ra in  boundary s l i d i n g  accounted f o r  a l a rge  f r a c t i o n  of 
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FIGURE 23 .  Creep curves of Ni-2Th02 specimens drawn by 
Procedures A and B. 
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T= 1093OC 
All specimens drawn by 
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anneals at 1200°C 1 
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Extruded plus 
annealed 
(slope=6.71 
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30% recrystallized 
(slope = 22 0 )  - 
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FIGURE 24. Ef fec t  of drawing by Procedure B ( intermediate  
anneals)  on minimum creep r a t e  of Ni-2Th02 a t  
1093OC. 
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FIGURE 25. E f fec t  of drawing by Procedure B ( intermediate  
anneals)  on creep rupture  l i f e  of Ni-2Th02 a t  
1093OC. 
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Unfortunately,  i n  mater ia l s  such as  these  i t  has not  been possible  t o  i d e n t i f y  a 
r a t e  c o n t r o l l i n g  creep process, although a t  high temperatures g ra in  boundary 
s l i d i n g  c e r t a i n l y  appears t o  be the  major mode of deformation. 
The most important f ea tu re  of Figures 24 and 25 is t h a t  Ni-2Th02 becomes 
more creep r e s i s t a n t  a t  higher  t o t a l  reductions by drawing Procedure B,  
i l l u s t r a t e d  i n  a d i f f e r e n t  way i n  Figure 26. I n  t h i s  f igure ,  the s t r e s s  t o  cause 
a minimum creep r a t e  of 
a t  1093OC a r e  p lo t t ed  a s  a funct ion of t o t a l  reduction by drawing, 
t h a t  ma te r i a l  drawn 92 5% is about f i v e  times "stronger" than extruded p l u s  
annealed material. 
This i s  
h r - l  and the  stress t o  cause rupture  i n  100 hours 
I t  i s  seen 
Also  included i n  Figure 26 a r e  t y p i c a l  100 hour rupture  l i f e  da ta  from 
Fans tee l  Meta l lurg ica l  Corporation(37) fo r  TD Nickel b a r  and shee t .  The N i - 2  Tho2 
drawn 92.5% has a 100 hour rupture  l i f e  comparable t o  the  bes t  commercial shee t  
and t o  1-1/4 inch diameter TD Nickel bar ,  but  i s  about 4000 p s i  (27.6 MN/m ) 2 
"weaker" than commercial 1 / 2  inch (1.27 cm) diameter TD Nickel bar  a t  1093OC. 
The values  of minimum creep r a t e  times rupture  l i f e  ( e  * tr) a r e  
l i s t e d  i n  Table 10 f o r  Ni-2ThO drawn various amounts by Procedure B .  For a 
given drawing reduct ion,  the  usual  empir ical  re la t ion(38)  i s  approximated: 
min 
2 
t r  , W C  , 'min ' 
-2 The average value of C decreases from - 1 . 2  x 10 
ma te r i a l  t o  - 0.4 x 10 f o r  ma te r i a l  drawn 92.5%. The average value f o r  C, 
from a l l  t e s t s  i s  - 10- . 
creep rate f o r  ma te r i a l  which ruptures  a f t e r  100 hours a t  1093OC, would be 
'min 
f o r  extruded plus annealed 
-2 
2 Thus, f o r  example, a rough est imate  of the  minimum 
-4 -1 = 10 h r  . Figure 26 shows t h a t  the s t r e s s  required t o  give a creep r a t e  of 
hr" i s  approximately the  same as  t h a t  required t o  cause f a i l u r e  i n  100 h r .  
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FIGURE 26. Inf luence of drawing Ni-2Th02 by Procedure B ( i n t e r -  
mediate anneals)  on s t r e s s  t o  cause a minimum creep of 
10-4hr-1 and stress t o  cause rupture  i n  100 h r  a t  
1093OC. 
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Returning t o  Figure 20(b) and Figure 20(c) ,  i t  i s  seen t h a t  the  gra in  
aspec t  r a t i o  has t h e  same e f f e c t  on rupture  l i f e  and creep s t r eng th  a s  i t  did 
on y i e ld  s t r eng th .  A s  the  aspec t  r a t i o  is  increased, t he  100-hour rupture  stress 
and t h e  s t r e s s  required t o  give a minimum creep r a t e  of 10 h r  increase ,  The 
explanat ion again involves g ra in  boundary s l i d i n g .  
-4 -1 
The more elongated the  s t r u c -  
t u re ,  the  less s l i d i n g  and t h e  lower the  creep rate a t  a given stress, or a l t e r n a t e l y  
the  higher  the  s t r e s s  required t o  produce a given minimum creep rate. The compari- 
son i n  Figure 26 suggests  t h a t  the  Ni-2Th02 drawn 92.5% has an e f f e c t i v e  L/R about- 
the  same as the  bes t  TD Nickel sheet  and the  1-1/4 inch (3.18 cm) diameter TD Nickel 
bar ,  but a lower gra in  aspec t  r a t i o  than the  1 / 2  inch (1.27 cm) diameter TD Nickel 
bar .  It is an t i c ipa t ed  t h a t  t he  aspec t  r a t i o  e f f e c t  on creep behavior would be 
more important a t  lower temperatures than the  e f f e c t  of L/R on y ie ld  s t rength .  
This is  because creep r a t e s  a r e  genera l ly  slower than normal t e n s i l e  s t r a i n  rates, 
and thus the  r a t e  e f f e c t s  i n  Figure 21(b) would be important. 
Ashby and Ra j (39) have t r ea t ed  continuum aspec ts  of g ra in  boundary 
s l i d i n g  and d i f f u s i o n a l  creep. They considered the  cases where s l i d i n g  was 
accommodated by: (1) e l a s t i c  s t r a i n ,  (2)  d i f f u s i v e  flow of mat ter ,  and (3) 
p l a s t i c  flow by d i s loca t ion  motion. In  t h e i r  most d e t a i l e d  model they examined 
d i f f u s i o n a l  accommodation of g ra in  boundary s l i d i n g  f o r  gra ins  wi th  a la rge  
a spec t  r a t i o ,  a s i t u a t i o n  which i s  re levant  t o  the  present  Ni-2Th0 ma te r i a l s ,  2 
The r e s u l t  of t h e i r  ana lys i s  gives the shear  s t r a i n  r a t e ,  Y, i n  creep as:  
;r" 7 
where 7 = appl ied shear  s t r e s s  on the  boundary a 
a= atomic volume 
k = Boltzmann's constant  
T = absolu te  temperature 
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1 /2 x = e f f e c t i v e  g ra in  s i z e  = (L*R) 
Dv = volume d i f f u s i v i t y  
Db = gra in  boundary d i f f u s i v i t y  
R = gra in  aspec t  r a t i o  = L/R 
6 = gra in  boundary thickness .  
This r e l a t i o n  says t h a t  creep r a t e  i s  proport ional  t o  T and t h a t  some combina- 
t i o n s  of volume and g ra in  boundary d i f fus ion  inf luences  the  creep r a t e ;  i , e . ,  
the  a c t i v a t i o n  energy for creep, Qc, should be Q 
energy f o r  volume d i f fus ion ,  and Qb = a c t i v a t i o n  energy f o r  g ra in  boundary 
d i f fus ion .  
i t  was found t h a t  Qc NN 3 Q , . ( 3 )  Also a very high s t r e s s  exponent, n = 40, w a s  
found. S imi la r ly ,  i n  t h i s  work i t  was found t h a t  the stress exponent increased 
wi th  increas ing  L/R. 
describ,e the  experimental creep r e s u l t s  f o r  Ni-2Th02 wi th  a high g ra in  aspec t  
r a t i o .  
a 
5 Q 5 Q, where \ = a c t i v a t i o n  V C 
Yet f o r  TD Nickel ba r  creep t e s t ed  from 700-11OO0C, where L/A ,ci: 12 ,  
Thus the  model represented by Equation (12) does not  
Ashby and Raj (39) a l s o  considered gra in  boundary s l i d i n g  where p a r t i c l e s  
i n  the  boundary impede the  s l i d i n g .  Here again,  the s l i d i n g  r a t e  w a s  propor- 
t i o n a l  t o  T and the a c t i v a t i o n  energy f o r  s l i d i n g  should be between t h a t  f o r  
volume and g ra in  boundary d i f fus ion .  
t o  the  present  r e s u l t s .  
a 
Thus t h i s  model is  not  d i r e c t l y  appl icable  
It a p p e a r s  t h a t  a mechanistic i n t e r p r e t a t i o n  of the  high temperature 
c reep  behavior of Ni-2Th02 having L/R > 1 i s  indeed much more complicated, 
Development of a rigorous model should include the following considerat ions:  
(1) The main mode of deformation a t  high temperatures i s  g ra in  
boundary s l i d i n g  
(2)  The creep r a t e  i s  proport ional  t o  the  g ra in  aspect  r a t i o ,  
a t  l e a s t  f o r  T NY 0.8 Tm, 
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( 3 )  It i s  poss ib le  t h a t  both d i f fus iona l  and d i s loca t ion  deforma- 
t i o n  accommodation a r e  operat ive,  wi th  the  former being more 
important a t  higher  temperatures and lower s t r e s s e s  and the la t ter  
more important a t  lower temperatures (approaching 0.5 T ) and 
higher  s t r e s s e s ,  
Creep i s  not  Newtonian viscous,  but r a t h e r  very high stress 
exponents a r e  obtained, and these appear t o  increase  with 
increas ing  gra in  aspec t  r a t i o ,  
m 
( 4 )  
(5) Apparent a c t i v a t i o n  energies f o r  creep are very high, say 
2 t o  3 t i m e s  the  a c t i v a t i o n  energy f o r  volume se l f -d i f fus ion .  (3 ,341  
Such a c t i v a t i o n  energies  may not have any d i r e c t  physical  s i g n i -  
f icance,  but i t  would be des i rab le  f o r  any v i ab le  model t o  
explain t h e i r  o r i g i n .  
Texture 
There have been seve ra l  previous inves t iga t ions  ( 2 0 , 2 1 , 3 0 , 4 0 - 4 4 )  on 
Ni-Tho and Ni-Cr-Tho a l l o y s  which included t ex tu re  determinations on shee t  o r  
ba r  ma te r i a l ,  and some of these  have examined t ex tu re  a s  a means of 
s t rengthening ( 4 2 y 4 4 )  and the  possible  inf luence of deformation t ex tu re  on r ec rys t a l -  
l i z a t i o n  r e s i s t ance  o r  r e c r y s t a l l i z a t i o n  t ex tu res  (20y  309 40, 41y 4 3 ) .  
the r e s u l t s  of t h i s  program, and the  previous t ex tu re  determinations on d ispers ion  
strengthened n i cke l  a l l o y s ,  i t  i s  appropr ia te  t o  b r i e f l y  review some aspects of 
deformation and r e c r y s t a l l i z a t i o n  f i b e r  tex tures  i n  d ispers ion- f ree  FCC metals 
and a l l o y s .  
2 2 
Before d iscuss ing  
It i s  general ly  observed t h a t  ex t rus ion  and drawing operations,which 
give equivalent  deformations, r e s u l t  i n  s i m i l a r  tex tures  provided t h a t  
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r e c r y s t a l l i z a t i o n  does not  occur during ex t rus ion ,  
f i b e r  tex tures  a r e  composed of two main o r i en ta t ions ,  having <111> o r  <LOO> 
d i r ec t ions  p a r a l l e l  t o  t h e  rod ax is (45) .  
o r i en ta t ions  vary between d i f f e r e n t  metals and s i n g l e  phase a l l o y s .  Chin and 
English(46) have shown t h a t  the  r a t i o  of a O O > / a l l >  v a r i e s  with s tacking  f a u l t  
I n  pure metals the  deformation 
The r e l a t i v e  proportions of these 
energy, Y, (or  more s t r i c t l y  with Y/Gb where G = shear  modulus, and b = the  magnitude 
of t he  re levant  Burgers vec tor ) .  For very low values of Y/Gb the <111> f i b e r  
t e x t u r e  predominates, b u t  a s  Y/Gb increases ,  the <loo> content  increases  t o  a 
maximum and then decreases t o  a very low value,  For metals with high y 's  such 
a s  aluminum and n i cke l ,  the  <111> component normally represents  80% t o  100% of 
the  volume a f t e r  heavy drawing, Chin(47) has analyzed i n  d e t a i l  the  e f f e c t  of 
var ious deformation modes on t ex tu re  formation and h i s  main conclusions were: 
(1) For homogeneous deformation by s l i p  on {111}<110> systems, both 
<111> and <loo> o r i en ta t ions  a r e  s t a b l e ,  b u t  from a randomly 
or ien ted  s t a r t i n g  mater ia l ,  the  <111> i s  predicted t o  become 
about twice a s  s t rong  a s  the <loo>. 
I f  c ross  s l i p  i s  so  easy t h a t  the  deformation i s  e f f e c t i v e l y  
ihkR]<110> s l i p ,  then there  i s  very l i t t l e  d i f fe rence  from case (1). 
In  f a c t ,  t h e  volume of ma te r i a l  which can r o t a t e  t o  <111> i s  s l i g h t l y  
increased.  
(2) 
(3) I f  gross mechanical twinning occurs , the  general  p i c tu re  i s  r a t h e r  
unclear .  However, the  all> o r i e n t a t i o n  i s  suscept ib le  t o  twinning 
during drawing w h i l e  t he  <LOO> i s  not ,  and it appears t h a t  combina- 
t i o n s  of twinning and s l i p  should favor the  <LOO> or i en ta t ion .  
The in tense  <loo> component i n  s i l v e r  i s  believed t o  form i n  t h i s  
way. 
( 4 )  It has been shown experimentally t h a t  when c r y s t a l s  of the  <100> 
o r i e n t a t i o n  a r e  drawn, the  deformation i s  o f t e n  not a homogeneous 
1 
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s l i p  process .  The phenomenon of deformztion banding occurs  i n  which 
sepa ra t e  volumes of the c r y s t a l  deform i n  approximately plane s t r a i n  
i n  d i f f e r e n t  modes such t h a t  over  the whole specimen the s t r a i n  i s  
the  imposed axi-symmetric s t r a i n .  It has been shown t h a t  t h i s  in -  
homogeneous deformat ion occurs because it involves  less t o t a l  work 
than homogeneous deformation of t h e  <loo> o r i en ta t ion .  The 
o r i en ta t ions  of the  metal i n s ide  the deformation bands are not  
s t a b l e ,  bu t  r o t a t e  toward <111>. It is important t o  note t h a t  t h i s  
is t h e  only recognized mechanism by which material i n  the <loo> 
o r i e n t a t i o n  can r o t a t e  away from .:loo> i n  metals having moderate o r  
high y values .  I n  metals with very low s tacking  f a u l t  ene rg ie s ,  
i n t r i n s i c  f a u l t i n g  may a l s o  achieve such r o t a t i o n .  
The t e x t u r e s  formed on deformation of rods o r  wires are usua l ly  g r e a t l y  
modified during r e c r y s t a l l i z a t i o n .  Many d i f f e r e n t  r e c r y s t a l l i z a t i o n  t ex tu res  have 
been observed, the most common being <lo@ ( 4 8 )  , < 1 1 2 > ( ~ ~ ) ,  <d4* 949)  , <115> ( 4 8 )  , 
and <130>(~’). According t o  Dillamore and Roberts ( 4 5 )  r e c r y s t a l l i z a t i o n  t o  <loo> 
appears t o  be favored i n  a predominantly <11b deformed mat r ix  while <112> i s  
favored i n  <loo>. It is c e r t a i n l y  t r u e  t h a t  t he  <loo> component i n  extruded 
aluminum comprises r e c r y s t a l l i z e d  grains,  and t h a t  the accompanying <111> component 
r ep resen t s  deformed I n  o the r  work it  has  been shown t h a t  favorable 
o r i e n t a t i o n  r e l a t i o n s h i p s  f o r  rapid growth e x i s t  between r e c r y s t a l l i z e d  g r a i n s  
and the  deformation t ex tu re .  (49 )  
r e c r y s t a l l i z e d  g ra ins  i s  t h a t  these  have the lowest e las t ic  s t r a i n  energy (50) under 
One explana t ion  f o r  t he  presence of <loo> 
t h e  condi t ions of appl ied  stress i n  extrusion.  It must be concluded, however, 
t h a t  r e c r y s t a l l i z a t i o n  f i b e r  t ex tu res  are not we l l  understood, and seldom predic tab le .  
A l l  of t he  t ex tu re  r e s u l t s  on N i  and Ni-2Th02 are l i s t e d  i n  T a b l e  11 
and p l o t s  of t he  <loo> and <111> texture  concentrat ions as a func t ion  of 
drawing by Procedures A and B a r e  shown i n  Figures  27 and 28. In  Figures 27(a) 
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Total Reduction by Drawing, % 
FIGURE 27. E f fec t  of drawing 
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by Procedure A (no intermediate  
anneals)  on the  f i b e r  t ex tu re  of N i  and Ni-2Th02. 
Texture concentrat ions a r e  (a) wi th in  loo  of the  
rod ax i s ,  and (b) w i th in  20° o f  t h e  rod ax i s .  
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FIGURE 28. E f fec t  of drawing by Procedure B ( intermediate  
anneals)  on the  f i b e r  tex ture  of N i  and Ni-2Th02. 
Texture concentrat ions are (a) wi th in  loo  of the 
rod axis,  and (b] with in  20' of t h e  rod axis. 
0 
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and 28(a) t h e  t ex tu re  concentrat ion wi th in  loo of the  rod ax i s  is p lo t t ed  versus 
drawing s t r a i n  f o r  both N i  and Ni-2Th02 and s imi l a r  p lo t s  a r e  made i n  Figures 27(b) 
and 28(b) f o r  the  t ex tu re  concentrat ion wi th in  20’ of t he  rod ax i s .  
mens i n  Table 11 a r e  numbered 1-20, and t h e  corresponding graphs of normalized 
i n t e n s i t y  versus  angle of i n c l i n a t i o n  f o r  the {111] and {ZOO] r e f l e c t i o n s  a r e  
The speci-  
given i n  Appendix A (Figures 1-A through 20-A) f o r  each specimen. 
P r i o r  t o  the  quan t i t a t ive  t ex tu re  measurements, some se l ec t ed  back 
r e f l e c t i o n  photographs were taken on Specimens 1-5 (Ni-2Th0 drawn by Procedure 
A). Specimen (1) showed very s i m i l a r  back r e f l e c t i o n  pa t te rns  a t  the  cen te r l ine  
and a t  the sur face  (surface ground and then e lec t ropol i shed  a f t e r  extrusion)  a l -  
2’ 
though the  t ex tu re  appeared t o  be a l i t t l e  weaker a t  the surface.  In  specimens 
(3) ,  ( 4 ) ,  and (5), the  sharp f i b e r  t ex tu res  were evident  a t  the cen te r l ine ,  but 
the  drawn sur face  was apparent ly  tex ture- f ree ,  showing continuous Debye r ings .  
I n  specimen 
through the  w i r e ,  it appeared t h a t  a t  least the  outer  quar te r  of the  radius 
(4),where an attempt was made t o  char t  t he  t ex tu re  photographically 
showed barely d i sce rn ib l e  s igns of tex ture .  A l l  of t he  t ex tu re  components de- 
t ec t ed  on the  fi lms corresponded t o  the quan t i t a t ive  goniometric t ex tu re  
measurements. 
The following r e s u l t s  on quan t i t a t ive  t ex tu re  measurements were 
obtained : 
(1) Ni-2Th02 drawn by Procedure A; r e f e r  t o  Table 11, Figures 27(a) 
and (b) and Figures 1-A through 5-A. 
The as-extruded Ni-2Th02 was very highly <100>textured, but a l s o  had a small 
amount of all>. 
decreased, while s t i l l  remaining the  s t ronges t  s ing le  component, and the  all> 
developed continuously. These r e s u l t s  are cons is ten t  wi th  the previous f indings 
of Tracey and Worn(2o). There w a s  a l s o  a Q12> component which was p a r t i c u l a r l y  
With increas ing  drawing reductions the  content  of <loo> 
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obvious i n  specimens ( 4 )  and (5) ;  see  Figures 4-A  and 5-A. A manifestat ion of 
the <L12> component i s  the peak i n  the  E2003 r e f l e c t i o n  a t  - 65' from the  a x i s ,  
In  order  t o  check f o r  the presence of <112> or iented ma te r i a l  a t  the  very cen te r  
of specimen (5) a forward r e f l e c t i o n  phogograph was taken from a sample thinned 
t o  0.01 inch (0.025 cm) diameter.  No t r ace  of d 1 2 >  o r i e n t a t i o n  could be detected 
here ,  although the  <LOO> and all> components agreed c lose ly  with the goniometric 
measurements. It must be concluded t h a t  t he  a 1 2 >  component was present  a t  o r  
near  the  sur face  of the  wires ,  and probably arose due t o  shear  r e s u l t i n g  from 
s u r  face f r i c t i o n .  
(2) Ni-2Th02 drawn by Procedure B; r e f e r  t o  Table 11, Figures 28(a) 
and (b) and Figures 6-A through 10-A. 
On annealing the  extruded b a r  t he re  w a s  a very s l i g h t  increase  i n  t h e  a O O > ,  
and decrease i n  the  all> components. A s  t he  processing continued by Procedure 
By t he  <100>became depleted,  but  not  q u i t e  as r ap id ly  a s  i n  drawing Procedure A.  
The intermediate  anneals prevented t o  some exten t  r o t a t i o n  away from <LOO>. This 
may be, as suggested by D i l l a m ~ r e ' ~ ~ )  , because anneal ing destroys the  d is loca-  
t i o n  arrangement by which deformation bands r o t a t e  ma te r i a l  from <LOO>. Thus 
on f u r t h e r  working, r o t a t i o n  back t o  <LOO> occurred by homogeneous s l i p .  The most 
s t r i k i n g  d i f f e rence  between drawing Procedures A and B i s  t h a t  the  intermediate  
anneals e f f e c t i v e l y  prevented the  formation of t he  all> component. On c lose  
examination of the  subs id ia ry  peaks i n  specimens (7), (8), (9), and (10) 
(Figures 7-A through 10-A) it i s  seen t h a t  these  are a t  Cl14>, a 1 3 > ,  U13> t o  
<112>, and <112> t o  Q23>, respec t ive ly .  I n  specimen (10) there  w a s  30% re-  
c r y s t a l l i z a t i o n  so t h i s  r e s u l t  should probably be ignored. However, i t  is  clear 
t h a t  a slow r o t a t i o n  process occurred from <LOO> t o  all>. The intermediate  
anneals  ac ted  t o  delay t h e  r o t a t i o n  process. A poss ib le  explanat ion of t h i s  i s  
as follows. The presence of t he  Tho2 particles l i m i t s  t he  blocks of ma te r i a l  
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which can r o t a t e  t o  very small volumes. These blocks therefore  are highly 
misoriented small volumes, which on annealing are thermodynamically unstable .  
Some a r e  the re fo re  swallowed up i n t o  the  bulk of the t e x t u r e  by s h o r t  range 
boundary migration. This, admit tedly specula t ive ,  explanat ion accounts f o r  the  
sense of r o t a t i o n  and the  delaying a c t i o n  of t he  anneals .  
l a rge  t o t a l  deformation by Procedure B i t  would be expected t h a t  t he  all> 
After  a s u f f i c i e n t l y  
o r i e n t a t i o n  would be achieved. An a l t e r n a t i v e  explanat ion f o r  the  subs id ia ry  
peaks might be i n  terms of a su r face  tex ture .  
(3) Pure Nickel drawn by Procedure A; r e f e r  t o  Table 11, Figures 27(a) 
and (b) and Figures 11-A through 15-A, 
The extruded pure n i c k e l  had a f a i r l y  s t rong  <loo> f i b e r  t ex tu re  and a l s o  a 
spread of o r i en ta t ions  approximately <113> - a 1 2 >  - Q23>. From examination of 
t he  g ra in  s t r u c t u r e  (Figure 2) i t  i s  clear that a l l  these components must 
represent  r e c r y s t a l l i z a t i o n  t ex tu res .  
spread around Q12> ro t a t ed  t o  all> which soon became the  s t ronges t  t e x t u r e  
component. The i n i t i a l  <LOO> component was  rap id ly  depleted,  presumably by a 
deformation banding mechanism, s i n c e  t h i s  o r i e n t a t i o n  should be s t a b l e  i n  homo- 
geneous deformation. 
c reas ing  s t r a i n .  However, t ransmission X-ray photographs from the cen te r  of the  
wires showed no trace of t h i s  o r i en ta t ion .  
i s  assumed t o  be a sur face ,  o r  nea r  surface,  shear  tex ture .  
During drawing by Procedure A,  much of the  
A very s i g n i f i c a n t  a 1 2 >  t e x t u r e  a l s o  developed with in-  
Thus, as in  the  Ni-2Th02 a l l o y ,  it 
(4) Pure Nickel drawn by Procedure B; r e f e r  to Table 11, Figures 28(a) 
and (b) and Figures 16-A through 20-A. 
Annealing the  extruded n i cke l  had very l i t t l e  e f f e c t  on the  tex ture .  
observat ion is  perhaps t o  be expected s ince  the re  was  l i t t l e  change i n  the  micro- 
This 
s t ruc ture .*  The s t rong  <100> component became a l i t t l e  sharper.  
subsequent deformations and anneals ,  t he  t ex tu re  w a s  almost random. 
Af t e r  the  
The 
* 
The annealed N i  t ex tu re  specimen was taken from a d i f f e r e n t  pa r t  of the  ex t ru-  
s i o n  than t h e  metal lographic  and t e n s i l e  specimens. 
much l e s s  gra in  growth than i s  observed i n  Figure 4a. 
The tex ture  specimen showed 
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f luc tua t ions  i n  i n t e n s i t y  shown i n  Figures 17-A t o  20-A a r e  possibly spurious,  
r e s u l t i n g  from the  r e l a t i v e l y  la rge  gra in  s i z e  of t h i s  mater ia l .  
e f f e c t  obtained by r e c r y s t a l l i z a t i o n  a f t e r  small s t r a i n s  is  a w e l l  documented 
The randomizing 
phenomenon. 
Because of the  considerable  d i f fe rences  i n  microstructure  developed i n  
Procedure By no direct  comparison is v a l i d  between the  N i  and Ni-2Th0 
following discussion is therefore  l i m i t e d  t o  drawing by Procedure A. 
ex t rus ion  tex tures  of t he  N i  and Ni-2Th02 were q u a l i t a t i v e l y  r a the r  s imi l a r ,  
al though i n  the  pure n i c k e l  t he  subsidiary peak was around <112> r a the r  than 
<111> as  i n  the  Ni-2Th02 a l l o y ,  
t h e  pure n icke l .  
The 2 '  
The 
The major <100> component was a l s o  weaker i n  
The most important d i f fe rence  is  t h a t  on drawing, the i n i t i a l l y  s t rong  
<100> component was reduced t o  a very low level  i n  the  pure n icke l ,  but remained 
s t rong  (although somewhat 
Chin's ana lys i s  (47) , the  only mechanism allowing ro t a t ion  away from <loo> i s  
tha t  of deformation banding. In the  presence of f i n e  p a r t i c l e s ,  i t  would be 
expected t h a t  the  d i f f i c u l t y  of accommodating s t r a i n  around the p a r t i c l e s  would 
reduce the  s i z e  of p o t e n t i a l  deformation bands. In  t h i s  way the r a t i o  of defor- 
mation band sur face  t o  volume would be g r e a t l y  increased. 
mation bands a r e  known t o  be very highly s t ra ined,high energy s i tes  
creas ing  the  proport ion of these would be expected t o  i n h i b i t  deformation banding 
s ince  the  f e a s i b i l i t y  of the  process depends on a delicate s e l e c t i o n  of the lowest 
energy deformation mechanism. 
depleted i n  volume) i n  the  Ni-2Th02. According t o  
The surfaces  of defor- 
(52) . In- 
Extrusion, drawing, o r  swaging tex tures  i n  dispers ion strengthened n i cke l  
and copper have been s tudied  by seve ra l  workers (20,21,30,53,54) , and t h e i r  r e s u l t s  
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show some i n t e r e s t i n g  d i f fe rences  compared with pure metals.  The previous r e s u l t s  
on N i  and Ni-Th02 a l l o y s  are cons is ten t  with the  present  r e s u l t s .  
Worn (’O) found t h a t  i n  hot extruded Ni-2.5Th02 (- 98% reduction) the  t ex tu re  w a s  
approximately 80% a O O >  and 10% 4-11>. They f e l t  t h a t  t he  <LOO> component a rose  
Tracey and 
through r e c r y s t a l l i z a t i o n ,  although the evidence fo r  r e c r y s t a l l i z a t i o n  was not  
obvious. In  th ree  o ther  s tud ie s  (21,30y53) on extruded dispers ion strengthened 
n i cke l ,  the  major component was i d e n t i f i e d  a s  <LOO> although f o r  a smaller  ex- 
t ru s ion  ra t io(30)  there  w a s  an add i t iona l  s t rong  <111> component. 
Worn and Marton (”) have reported t h a t  all> is  strengthened with increasing 
In addi t ion ,  
volume f r a c t i o n  of t ho r i a  although i t  was never observed t o  become a s  s t rong as  
the  <loo> component. 
The information on drawing tex tures  i n  Ni-Th02 a l l o y s  i s  r a t h e r  confused 
by the  presence of s t rong  s t a r t i n g  tex tures  r e su l t i ng  from p r i o r  extrusion.  During 
drawing, the  s t rong  <loo> s t a r t i n g  t ex tu re  i s  somewhat weakened, and t h e  4-11> 
increases .  This behavior i s  q u a l i t a t i v e l y  the  same as  i n  pure n icke l ,  but  with 
t h e  d i f fe rence  t h a t  the  4 - O O > / < L l l >  r a t i o  remains much l a r g e r  (- 1) than fo r  the 
pure metal (-0.1) drawn i n  excess of 90% reduction. This condi t ion is  observed 
even when the  s t a r t i n g  t ex tu re  i s  not s t rongly  biased towards d.00>(30). Tracey 
and Worn (20) observed t h a t  on annealing cold drawn Ni-2.5Th02, t he  a O O >  or i en ta t ion  
increased s l i g h t l y  while t he  all> decreased. 
whether o r  not gross r e c r y s t a l l i z a t i o n  occurred during the anneal. 
Unfortunately, they did not  i nd ica t e  
This behavior 
i s  s i m i l a r  t o  t h a t  observed i n  t h i s  program on Ni-2Th0 2’  
The most thorough study of f i b e r  tex tures  i n  a d i spers ion  Strengthened 
FCC metal i s  t h a t  of Liesner and Wassermann ( 5 4 )  on the  copper-alumina system. These 
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workers var ied  the  s i z e  and volume f r a c t i o n  of p a r t i c l e s ,  and examined the  
t ex tu res  a f t e r  extrusion,  drawing, and annealing. The ex t rus ion  t ex tu res  w e r e  
e i t h e r  <LOO> o r  <112>, the  <LOO>being favored by increase  i n  volume f r a c t i o n  of 
A1203, and decrease i n  the  s i z e  of the  p a r t i c l e s .  
explained as being a r e c r y s t a l l i z a t i o n  t e x t u r e  while t h e  <LOO>was s t a t e d  t o  be 
a warm deformation tex ture ,  r e c r y s t a l l i z a t i o n  being inh ib i t ed  by the  numerous 
f i n e  p a r t i c l e s .  
s t a b l e  ( in  the  presence of p a r t i c l e s )  while the  Q12> component ro ta ted  i n  a 
mixture of <111> and <LOO>. Subsequent r e c r y s t a l l i z a t i o n  caused the  Q O O >  t o  
The Q12> component was 
* 
On cold drawing the  extruded mater ia l ,  the  400> remained 
r_ be replaced by <L12>, which provides f u r t h e r  evidence t h a t  t h i s  component i s  a 
r e c r y s t a l l i z a t i o n  tex ture .  
have been reported f o r  S.A.P. aluminum which (55-58) Several  r e s u l t s  
seem t o  be a t  var iance with t h e  r e s u l t s  f o r  n i cke l  and copper based a l l o y s .  For 
S.A.P. i t  appears t h a t  the  main ex t rus ion  t ex tu re  i s  all>, although <loo> may 
be present  t o  an almost equal degree with low volume f r ac t ions  of alumina , (55) 
Increasing the  volume f r a c t i o n  of alumina w a s  reported t o  suppress the  G O O >  
(56 1 component a 
It was shown earlier i n  t h i s  r epor t  t h a t  t h e  optimum combination of 
room temperature and high temperature s t r eng ths  was achieved by a f i n e  very 
elongated gra in  s t r u c t u r e .  To obtain t h i s  s t r u c t u r e ,  r e c r y s t a l l i z a t i o n  should be 
prevented. When r e c r y s t a l l i z a t i o n  does occur the re  i s  a loss  i n  room temperature 
s t r eng th ;  ye t  the  high temperature s t r eng th  may not  be decreased, provided the  
r e c r y s t a l l i z e d  gra in  aspec t  ratio i s  high enough. Thus when r e c r y s t a l l i z a t i o n  
i does occur, a high gra in  aspec t  r a t i o  i s  des i rab le .  
9; 
The presence of the  <LOO> deformation t ex tu re  i n  extrusions is  a t  var iance wi th  
t h e o r e t i c a l  p red ic t ions ,  since deformation twinning is  the  only mechanism known 
t o  be capable of producing in t ense  <LOO> t ex tures .  Deformation twinning i n  
copper and n i cke l  during high temperature ex t rus ion  does not seem probable, 
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Although the re  have been s e v e r a l  previous s t u d i e s  on t h e  r e c r y s t a l l i z a -  
t i o n  behavior of Ni-2Th02 (30 3 40 9 41 9 43 , 53 3 59) and Ni-20Cr- 2Th02 (11), the  conditions 
under which these  a l l o y s  are suscep t ib l e  t o  r e c r y s t a l l i z a t i o n  are not w e l l  defined. 
D i f f e ren t  workers have found r e c r y s t a l l i z a t i o n  temperatures varying from - 500 0 C (40) 
t o  > 1300°C(30)for Ni-2Th02. Doble, e t  a l .  (30), came t o  t h e  important conclusion 
t h a t  r e c r y s t a l l i z a t i o n  w a s  influenced more by the  type of working operation and 
working d i r e c t i o n  than the  amount of working deformation. For example, they 
noted t h a t  r o l l i n g  TD Nickel t ransverse  t o  the ex t rus ion  a x i s  w a s  much more con- 
ducive t o  r e c r y s t a l l i z a t i o n  than r o l l i n g  p a r a l l e l  t o  the a x i s .  When r o l l i n g  TD 
Nickel  bar  i n  one d i r e c t i o n ,  they noted t h a t  continued r o l l i n g  deformation pro- 
duced a more r e c r y s t a l l i z a t i o n  r e s i s t a n t  s t r u c t u r e  i n  s p i t e  of the increased 
s t r a i n  hardening. 
Doble, e t  a l .  (30), and o the r s  (41y 43) have r e l a t e d  r e c r y s t a l l i z a t i o n  
r e s i s t a n c e  t o  t h e  type of t ex tu re  developed by working. These r e s u l t s  provide 
c i r cums tan t i a l  evidence t h a t  t h e r e  may be a connection between prefer red  orien- 
t a t i o n  and ease  of r e c r y s t a l l i z a t i o n .  I f  t h i s  i s  indeed so, then the  s t a b i l i z i n g  
t ex tu res  appear t o  be t h e  <loo> f i b e r  i n  rod and the  pure metal t ex tu re ,  {123]<142> 
i n  sheet .  
no t  begin t o  r e c r y s t a l l i z e  u n t i l  92.5% t o t a l  deformation, where the  <100> component 
of the t e x t u r e  (within 20' of rod ax i s )  dropped t o  - 50% (see Figure 28b). 
such a s i m p l e  ana lys i s  i s  not completely s a t i s f a c t o r y .  
specimens wi th  almost i d e n t i c a l  pure metal t ex tu res  were found t o  e x h i b i t  widely 
d i f f e r i n g  r e c r y s t a l l i z a t i o n  behavior(30). While it i s  known t h a t  deformed s i n g l e  
c r y s t a l s  of c e r t a i n  o r i e n t a t i o n s  are r e s i s t a n t  t o  r e c r y s t a l l i z a t i o n ,  a l l  t he  tex- 
t u r e s  found i n  d i spe r s ion  strengthened N i  a l l o y s  are too  d i f f u s e  t o  c o n s i s t  only 
of such o r i e n t a t i o n s .  
In  support of t h i s ,  it was noted t h a t  Ni-2Th02 drawn by Procedure B d id  
However, 
Cold r o l l e d  TD Nickel 
In  add i t ion ,  t he  presence of g r a i n  boundaries allows 
considerable  scope f o r  nuc lea t ion  modes which a r e  not  poss ib le  i n  s i n g l e  c r y s t a l s .  
A con t r ibu t ing  f a c t o r  t o  enhancing r e c r y s t a l l i z a t i o n  may be the  breakup of the  
elongated g ra in  s t r u c t u r e ,  as discussed by Pe t rovic ,  e t  a l .  ( 5 9 ) n  This occurs f o r  
TD Nickel ba r  r o l l e d  t ransverse  t o  the  ba r  axis ( r e c r y s t a l l i z a t i o n  prone) but  not  
f o r  t h e  same ma te r i a l  r o l l e d  p a r a l l e l  t o  the  bar  a x i s  ( r e c r y s t a l l i z a t i o n  r e s i s t a n t ) ,  
In  d ispers ion  strengthened m e t a l s ,  t he  i n h i b i t i o n  of r e c r y s t a l l i z a t i o n  
It seems probable t h a t  f o r  good i s  l a rge ly  due t o  d i f f i c u l t y  of nucleat ion(60) .  
s t r u c t u r e  s t a b i l i t y ,  s eve ra l  condi t ions have t o  be s a t i s f i e d  simultaneously t o  
prevent nuc lea t ion .  A s t rong  t ex tu re  w i l l  tend t o  reduce t h e  d i f fe rences  i n  
‘p Schmidt f ac to r s  between gra ins ,  and s o  the  t r u e  shear  s t r a i n  and the  l o c a l  s to red  
energy of deformation w i l l  be made more homogeneous. 
g rad ien t  of s to red  energy i s  required t o  allow movement of gra in  boundaries o r  
subboundaries. The presence of f ine ly  dispersed p a r t i c l e s  i s  known t o  homogenize 
the  deformation subs t ruc tu re  (61) and t o  reduce subs t ruc ture  v a r i a t i o n  between 
gra ins  of d i f f e r e n t  o r i en ta t ions  . The p a r t i c l e s  can i n h i b i t  movement of high 
and low angle  boundaries, t he  processes by which r e c r y s t a l l i z e d  gra ins  must form. 
A f i n a l  point  i s  t h a t  t he  g ra in  shape o r  subgrain shape may possibly be an impor- 
t a n t  f ac to r .  It is  q u i t e  conceivable t h a t  a highly elongated worked g ra in  s t r u c -  
t u r e  represents  a r a t h e r  s t a b l e  configurat ion which i s  r e s i s t a n t  t o  i n i t i a l  boundary 
movement. This could help t o  expla in  the  r e l a t i v e  s t a b i l i t y  achieved i n  drawing, 
swaging, and r o l l i n g  
on c ross - ro l l i ng  of bar. 
For nucleat ion,  a sharp 
(62) 
p a r a l l e l  t o  the ex t rus ion  d i r e c t i o n  and the  lack  of s t a b i l i t y  
Once r e c r y s t a l l i z a t i o n  nuc le i  a r e  formed, growth appears t o  occur pre- 
f e r e n t i a l l y  p a r a l l e l  t o  the  rod a x i s .  
92.5% by Procedure B was 30% r e c r y s t a l l i z e d  and the  r e c r y s t a l l i z e d  port ion 
cons is ted  of coarse ,  very elongated grains  p a r a l l e l  t o  the rod a x i s .  The 
r e c r y s t a l l i z e d  g ra in  s t r u c t u r e s  i n  Ni-Tho 
For example, the  Ni-2Th02 specimen drawn 
and Ni-Cr-Th02 a l l o y s  o f t e n  a r e  2 
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very d i r e c t i o n a l ,  The explanat ion f o r  t h i s  d i r e c t i o n a l  g ra in  growth may be 
assoc ia ted  with G l e i t e r ' ~ ' ~ ~ '  6 4 )  concepts of gra in  boundary migration where 
the  migration r a t e  of a boundary s t rongly  depends on the  boundary o r i e n t a t i o n  
and the growth d i r ec t ion .  Some ampl i f ica t ions  of t h i s  model may provide an 
explanat ion f o r  the  p r e f e r e n t i a l  growth of elongated g ra ins  i n  d ispers ion  
strengthened n i c k e l  a l l o y s .  
Ni-20Cr, Ni-20Cr-2Th02, Ni-20Cr-lOW, and Ni-20Cr-10W-2Th02 
Microstructure  
The micros t ruc tures  of as-extruded Ni-20Cr and Ni-20Cr-2ThO a l l o y s  are 2 * 
shown respec t ive ly  i n  Figures 29 and 30. The Ni-20Cr a l l o y  was r e c r y s t a l l i z e d ,  
although t h e  TEM i n  Figure 29(b) shows t h a t  some subboundaries were present .  The 
o p t i c a l  micrograph of as-extruded Ni-20Cr-2Th02 i n  Figure 30(a) i nd ica t e s  a 
non-recrys ta l l ized  s t ruc tu re .  However, the anneal ing twins i n  Figure 30(b) show 
t h a t  t h i s  ma te r i a l  w a s  a t  l e a s t  p a r t i a l l y  r e c r y s t a l l i z e d ,  with the  r e s u l t i n g  
g ra ins  being extremely f ine .  In  the  o p t i c a l  micrographs of  both a l loys ,  t he re  
a r e  dark e tch ing  s t r i n g e r s .  
are very coarse (7 1 p m) and some very f i n e  (- 0.05 p). 
C r  0 particles i n  Ni-20Cr i s  seen i n  the  TEM i n  Figure 31. This micrograph was  
taken from an a r e a  of t he  f o i l  which had been damaged i n  handling, and the re  are 
These are probably Cr203 p a r t i c l e s ,  some of which 
The presence of the  f i n e r  
2 3  
s e v e r a l  examples of d i s loca t ion  loops around particles.  To the  au tho r s '  know- 
ledge t h i s  i s  the f i r s t  t i m e  such loops have been shown i n  Ni-base a l l o y s  containing 
1 hard oxide p a r t i c l e s ,  al though such loops have been observed around overaged Y' 
p a r t i c l e s  i n  Ni-base supera l loys  . (9) 
* 
Only a l imi ted  amount of t he  Ni-20Cr-lOW-2Th02 a l l o y  w a s  obtained, and t h i s  
w a s  i n  the  extruded plus annealed condition. Hence, s tud ie s  of t h i s  a l l o y  and 
i t s  Tho2-free counterpar t  were confined t o  working by Procedure B only. 
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(b) 30, OOOX 
FIGURE 29. Microstructure  of as-extruded Ni-20Cr; 
(a) o p t i c a l  micrograph, (b) t rans-  
mission e l ec t ron  micrograph. 
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(b) 30, OOOX 
FIGURE 30. Microstructures of as-extruded Ni-20Cr-2Th02; 
(a) optical micrograph, (b) transmission 
electron micrograph. 
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30, OOOX 
FIGURE 31. Dislocat ion loops around p a r t i c l e s  
(probably Cr203) i n  as-extruded N i -  
20Cr. Photographs are from region 
of f o i l  which was damaged i n  handling. 
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After annealing these  a l l o y s  (1 hour, 12OO0C i n  hydrogen), the r e s u l t i n g  
o p t i c a l  micros t ruc tures  are those shown i n  Figure 32(a), Ni-20Cr, and Figure 32(b), 
Ni-20Cr-2Th02. 
extruded micros t ruc tures .  
no t  r e c r y s t a l l i z e  t o  a coarse  elongated g r a i n  s t r u c t u r e ,  which is  t y p i c a l  of 
commercial TD Nickel Chromium. 
The anneal caused very l i t t l e  change, compared wi th  the  as- 
It i s  somewha t  s u r p r i s i n g  t h a t  t h e  Ni-20Cr-2Th02 d id  
Drawing these  a l l o y s  -25% by Procedure A produced a heavi ly  worked 
s t r u c t u r e ,  wi th  t h e  usua l  tangled d i s l o c a t i o n  c e l l s  (see Figure 33). 
when the  Ni-20Cr and Ni-20Cr-2Th02 a l l o y s  were worked by Procedure B ( e i t h e r  
drawing o r  swaging), t he  r e s u l t i n g  micros t ruc tures  were always r e c r y s t a l l i z e d ,  
wi th  a f a i r l y  f i n e  s l i g h t l y  elongated g ra in  s t r u c t u r e .  Examples of t h i s  a r e  shown 
i n  Figure 34 f o r  Ni-20Cr and Figure 35 f o r  Ni-20Cr-2Th02. 
ce l l  s i z e s  f o r  t h e  Ni-20Cr and Ni-20Cr-2ThO a l l o y s  are l i s t e d  i n  Table 12. 
However, 
The measured g ra in  o r  
2 
The Ni-20Cr-1OW and Ni-20Cr-10W-2Th02 a l l o y s  were obtained from Fans tee l  
i n  the  extruded p lus  annealed condition. 
cons is ted  of a 1 hour anneal i n  a i r  a t  1316OC. 
annea ls  given the  o the r  f i v e  a l l o y s  t o  begin working Procedure B. Also, t h e  
subsequent anneals given t h e  two tungsten conta in ing  a l l o y s  (swaging Procedure B) 
were a t  12OO0C. 
s t r i n g e r s  paral le l  t o  t h e  ex t rus ion  a x i s .  Figure 36(a) shows t h a t  t he  extruded 
plus annealed micros t ruc ture  of Ni-20Cr-1OW cons is ted  of very f i n e  equiaxed 
gra ins .  The TEM i n  Figure 36(b) shows t h a t  some d i s l o c a t i o n  subs t ruc tu re  was 
present ,  and i n  a d d i t i o n  reveals a p a r t i c l e  (presumably Cr20j) blocking a non- 
coherent twin boundary. 
somewhat elongated gra ins  i n  the  extruded p lus  annealed (1316OC) condi t ion  
(Figure 37a), but t he  TEM i n  Figure 37(b) shows t h a t  t h e r e  were s t i l l  some 
The treatment employed by Fans tee l  
This was 116OC higher  than t h e  
Both a l l o y s  had a s u b s t a n t i a l  amount of Cr203, elongated i n  
The Ni-20Cr-10W-2Th02 a l l o y  had coarse,  r e c r y s t a l l i z e d ,  
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FIGURE: 32. O p t i c a l  micrographs of (a) e x t r u d e d  p l u s  
a n n e a l e d  Ni-20Cr, (b) e x t r u d e d  p l u s  a n n e a l e d  
Ni-20Cr-2Th02. 
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(a) 30, OOOX 
30, OOOX (b) 
FIGURE 33.  Transmission electron micrographs of 
(a) 
(b) Ni-20Cr-2Th02 drawn 23.7% by 
Procedure A.  
Ni-20Cr drawn 24.4% by Procedure A,  
89 
FIGURE 34. Examples of o p t i c a l  micros t ruc tures  of 
Ni-20Cr (a) drawn 24.4% by Procedure B, 
(b) swaged 49.1% by Procedure B.  
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(b 1 30,  OOOX 
FIGURE 35. Microstructure  of Ni-20Cr-2Th02 drawn 25,6% 
by Procedure B; (a) o p t i c a l  micrograph, 
(b) transmission e l ec t ron  micrograph. 
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(b ) 30, OOOX 
FIGURE 3 6 .  Microstructure  of extruded p lus  annealed 
Ni-20Cr-1OW; (a) o p t i c a l  micrograph, 
(b) transmiss ion  e l e c t r o n  micrograph. 
Note par t ic le  (presumably Cr203) blocking 
non-coherent twin boundary. 
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(b ) 30, OOOX 
FIGURE 37 .  Microstructure  of extruded plus annealed 
Ni-20Cr-10W-2Th02 ; (a) o p t i c a l  micrograph, 
(b) transmission e l e c t r o n  micrograph. 
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subboundaries present ,  i n  add i t ion  t o  t h e  f i n e  anneal ing twins. 
tungsten-containing a l l o y s  53.9% by Procedure B (using 1200°C anneals) ,  gave 
r e s u l t i n g  micros t ruc tures  (Figure 38) which were f i n e  grained and n e a r l y  equiaxed. 
The extremely f i n e  g ra in  s i z e  i n  t h e  Ni-20Cr-1OW a l l o y  (Figure 38a) caused t h i s  
material t o  e x h i b i t  s u p e r p l a s t i c  tendencies when t e n s i l e  t e s t ed  a t  1093OC. 
Swaging the  two 
* 
It w a s  observed t h a t  anneal ing t h e  Ni-20Cr-2Th02 and Ni-20Cr-10W-2Th02 
a l l o y s  f o r  1 hour a t  120OoC af te r  working by Procedure B, always produced f i n e  
nea r ly  equiaxed gra ins ,  regard less  of whether t he  working was  by ex t rus ion ,  
drawing, or swaging. However, the anneal ing treatment (1 hour a t  1316OC) used 
by Fans tee l  on the  extruded Ni-20Cr-10W-2Th02 produced a coarse somewhat elongated 
r e c r y s t a l l i z e d  g r a i n  s t r u c t u r e .  
i n  Ni-20Cr-2Th02 by anneal ing f o r  1 hour i n  H2 a t  1316OC. 
graph i n  Figure 39(a) shows t h a t  t h i s  a t t e m p t  was successfu l .  The TEM i n  
Figure 39(b) reveals f i n e  anneal ing twins and very l i t t l e  d i s loca t ion  subs t ruc ture ,  
which i s  t y p i c a l  of  commercial TD Nickel chromium.(5912s42965) Thus i t  appears 
t h a t  t he re  i s  a c r i t i ca l  anneal ing temperature between 1200 and 1316OC required 
An a t t e m p t  w a s  made t o  develop such a s t r u c t u r e  
The o p t i c a l  micro- 
*Jc 
t o  produce t h e  coarse  elongated r e c r y s t a l l i z e d  s t r u c t u r e  i n  extruded Ni-20Cr- 
2Th02 and Ni-20Cr-10W-2Th02 a l l o y s .  
Tensile Deformation 
The r e s u l t s  of t e n s i l e  deformation s t u d i e s  a t  25 and 1093OC are l i s t e d  
i n  Tables 13 (Ni-20Cr), 1 4  (Ni-20Cr-2Th02), and 15 ( the  two W-containing a l l o y s ) .  
* 
See Table 15. 
This procedure f o r  producing coarse  elongated g ra ins  i n  Ni-20Cr-2Th02 was 
discovered near t h e  end of t h e  experimental program, and it  was no t  poss ib l e  
t o  perform any tens i le  o r  c reep  tests on material wi th  t h i s  s t r u c t u r e .  
** 
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FIGURE 38. Optical  micrographs of (a) Ni-20Cr-1OW 
swaged 53.9% by Procedure B, (b) Ni-20Cr- 
1OW-2ThO2 swaged 53.9% by Procedure B. 
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30, OOOX (b) 
1 FIGURE 39.  Recrys ta l l ized  microstructure  of Ni-20Cr-2ThO annealed 1 hour i n  H2 a t  1316OC; (a) op t ica  
micrograph, (b) transmission e l ec t ron  micro- 
graph. 
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The da ta  f o r  Ni-20Cr and Ni-20Cr-2Th02 a r e  p lo t ted  as a funct ion of drawing o r  
swaging reduct ion i n  Figures 40-43 f o r  tests at room temperature and 1093OC. 
The s t r eng th  of both a l l o y s  a t  room temperature (Figures 40-41) increased sub- 
s t a n t i a l l y  as a r e s u l t  of drawing by Procedure A, and t h i s  was due t o  t h e  sub- 
s t r u c t u r e  refinement (see Figure 33). 
caused e s s e n t i a l l y  no increase  i n  room temperature s t r e n g t h  (Figures 40 and 41), 
and t h i s  i s  a t t r i b u t e d  t o  the  f a c t  t h a t  the  1200°C anneals  r e c r y s t a l l i z e d  both 
However, drawing o r  swaging by Procedure B 
a l l o y s  t o  a more o r  less cons tan t  f i n e  g ra in  s i ze .  
A t  1093OC, both a l l o y s  were r e l a t i v e l y  weak (Figures 42 and 43), com- 
pared wi th  Ni-2Th02 (Figure 16) although drawing the  Ni-20Cr-2Th02 a l l o y  by 
Procedures A and B d id  increase  t h e  elevated temperature y i e ld  s t r e n g t h  from 
- 2000 p s i  (13.8 MN/m ) t o  - 8000 p s i  (55.2 MN/m ) .  
compared with Ni-2Th02, i s  assoc ia ted  with the  lower g ra in  aspec t  r a t i o  i n  the  
Ni-20Cr-2Th0 specimens. 
2 2 The lower s t r eng th  a t  1093OC, 
2 
Only a l imi ted  number of t e n s i l e  deformation s tud ie s  were made on the 
two tungsten-containing a l l o y s  (Table 15). The y ie ld  s t r e n g t h  of extruded plus 
2 annealed Ni-20Cr-10W a t  room temperature was about 30,000 p s i  (207 MN/m ) higher  
than the  Ni-20Cr a l l o y  i n  the  same condi t ion.  This was probably due t o  a f i n e r  
g r a i n  s i z e  i n  t h e  W-containing a l l o y  a s  w e l l  a s  some a d d i t i o n a l  s o l i d  s o l u t i o n  
s t rengthening.  When both of t he  W-containing a l l o y s  were swaged by Procedure B, 
they r e c r y s t a l l i z e d  during annealing, and the  r e s u l t a n t  room temperature s t r eng ths  
were only marginal ly  increased.  However, the  s t r eng th  of both a l loys  a t  1093OC 
was g r e a t l y  decreased by the  swaging operat ion.  
A s  i n  the  case o f  N i  and Ni-2Th02, t h e  room temperature y i e ld  s t r eng th  
da ta  of Ni-20Cr and Ni-20Cr-2ThO were analyzed i n  terms of the  Hall-Petch 
r e l a t i o n .  
A-1/2, and data  of Webster (I3) a r e  included f o r  both Ni-20Cr and Ni-20Cr-2Th02. 
2 
Figure 44 i s  a p lo t  of the  0.2% y ie ld  s t r e n g t h  a t  25OC a s  a funct ion of 
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The value of A OYes a t  A-172 = 0 is  42,000 p s i  (290 MN/m2). 
on g ra in  s i z e  and c e l l  s i z e .  
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The general  t rend i s  the  same here  a s  i n  the  case of N i  and Ni-2Th02 (Figure 18). 
The s lope  of t he  Ni-20Cr p l o t  i s  g r e a t e r  than t h a t  f o r  Ni-20Cr-2Th02, and there  
i s  a tendency f o r  convergence of the  two curves a t  smaller g r a i n  o r  ce l l  s i z e s ;  
i.e., l a r g e r  
p a r t i c l e s  i s  &ryes 
(145 MH/m2) f o r  Ni-2Th02 (Figure 18). This increase  i n  y i e l d  s t r eng th  due t o  Tho2 
p a r t i c l e s  i n  Ni-20Cr i s  higher  than t h a t  ca lcu la ted  from Equation 6 f o r  the  Orowan 
mechanism, i .e .  , o = 24,700 p s i  (171 MN/m ) . There i s  no obvious reason why 
agreement with the  Orowan mechanism i s  r ea l i zed  fo r  Ni-2Th02 but not  for Ni-20Cr- 
values.  A t  A-1/2 = 0, the  y i e ld  s t r e n g t h  increase  due t o  Tho2 
2 
= 42,000 p s i  (290 MN/m ), compared wi th  Myas 
j -  1 /2 
= 21,000 p s i  
2 
P 
2Th02. It has been reported t h a t  s h o r t  range order  (SRO) can occur i n  Ni-20Cr (66) , 
and t h i s  may have a complicating e f f e c t  on the  room temperature y i e ld  s t r eng th .  
However, f o r  SRO t o  account f o r  p a r t  of the  s t r eng th  increase  would mean t h a t  
t h e  Ni-20Cr-2Th02 a l l o y  was more ordered than the  Ni-20Cr a l l o y ,  and t h e r e  i s  no 
a p r i o r i  reason t o  be l ieve  t h a t  t h i s  i s  the  case.  
Creep  and Creep  Rupture 
The creep r e s u l t s  f o r  Ni-20Cr-2Th02 a r e  summarized i n  Table 16 and those 
f o r  Ni-20Cr-10W-2Th02 a r e  l i s t e d  i n  Table 17 .  
f o r  Ni-20Cr-2Th02 t e s t e d  a t  1093OC i s  shown i n  Figure 45, and a s i m i l a r  rupture  
l i f e  p l o t  i s  i l l u s t r a t e d  i n  Figure 46. 
Ni-20Cr-2Th02 by Procedure B increased the  creep s t r eng th ,  and a l s o  s l i g h t l y  in-  
creased the  s t r e s s  exponents. 
A p l o t  of log Fmin versus  log CT 
A s  i n  the  case of Ni-2Th02, processing of 
Drawing 53.8% by Procedure B w a s  more e f f e c t i v e  
than swaging 47.7% i n  increas ing  the  creep s t r eng th  and rupture  l i f e .  A d i s -  
cussion of t h i s  d i f f e rence  i n  terms of t h e  r e s u l t i n g  g ra in  aspec t  r a t i o  w i l l  be 
given i n  the  General Discussion Section. 
The creep r e s u l t s  on the  Ni-20Cr-10W-2Th02 a l l o y  are p lo t t ed  i n  
Figure 47 (minimum creep r a t e )  and Figure 48 ( rupture  l i f e ) .  The extruded plus  
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FIGURE 45. Effec t  of drawing or swaging by Procedure Boon 
minimum creep r a t e  of Ni-20Cr-2Th02 a t  1093 C. 
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- All specimens drawn or swaged - 
by Procedure B (intermediate 
anneals at 1200°C) - - 
I- 4 
Extruded plus 
annealed 
(slope = - 5.5) 
FIGURE 4 6 .  Effec t  of drawing o r  swaging by Procedure B on 
creep rupture  l i f e  of Ni-20Cr-2Th02 at 1093OC. 
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annealed material is  seen t o  be s t ronge r  than  t h a t  which w a s  swaged 53.9% by 
Procedure B. 
(Table 15) ,  and is  a s soc ia t ed  wi th  the f a c t  t h a t  t he  extruded plus annealed 
material had a coarse somewhat elongated g r a i n  s t r u c t u r e  (Figure 37a) ,  whereas the  
swaged material had a f a i r l y  f i n e  near ly  equiaxed g r a i n  s i z e  (Figure 38b). 
This  is  cons i s t en t  wi th  t h e  y i e l d  s t r e n g t h  r e s u l t s  a t  1093OC 
Texture 
The r e s u l t s  of t ex tu re  determinat ions on t h e  four  Cr-containing a l l o y s  - 
are presented i n  Table 18. Figures 21A-37A i n  the Appendix correspond t o  the  
specimen numbers (21-37) i n  Table 18. The r e s u l t s  on these a l l o y s  are not as 
w e l l  def ined as those f o r  N i  and Ni-2Th02, and thus  he re  it is  only poss ib le  t o  
ind ica t e  t r ends .  
The non-thoriated a l l o y s  behaved r a t h e r  l i k e  the  pure n i cke l .  The ex t ru -  
s i o n  t ex tu res  were mixed <loo> and <llD, but  the s t r e n g t h s  of the  components 
va r i ed  considerably.  
f a c t o r .  Procedure B processing gave r e c r y s t a l l i z e d  s t r u c t u r e s  and almost random 
tex tures .  The ex t rus ion  t ex tu re  i n  the  Ni-20Cr-lGW-2ThO a l l o y  w a s  very  weak, 
but a f t e r  anneal ing (and r e c r y s t a l l i z a t i o n  t o  a l a rge  g r a i n  s i z e )  i t  showed sharp 
<loo> and <111> components. Swaging t reatments  by Procedure B rendered i t  very  
near ly  random. 
Possibly , the  pos i t i on  i n  the  ex t rus ion  was a n  important 
2 
The r e s u l t s  f o r  Ni-20Cr-2Th02 are d i f f i c u l t  t o  r a t i o n a l i z e .  
t ruded ba r  had a moderate <loo> tex ture  which was apparent ly  somewhat strengthened 
The ex- 
on l i g h t  drawing by Procedure A.  
and <11b t o  increase more r ap id ly  than i n  t h e  Ni-2Th02 a l l o y .  
34, which was swaged by Procedure B ,  had a qu i t e  d i f f e r e n t  t ex tu re ,  wi th  <loo> 
Drawing by Procedure B caused <loo> t o  decrease 
However, specimen 
much s t ronge r  than i n  any o the r  specimen of t h i s  a l l o y .  The explanat ion f o r  
t h i s  observat ion is  not  clear, s ince  it seems un l ike ly  t h a t  t h i s  is a r e s u l t  of 
swaging as opposed t o  drawing. 
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GENERAL DISCUSSION 
Microstructure  and Mechanical P rope r t i e s  
The r e s u l t s  of t h i s  program show t h a t  thermomechanical processing can 
s i g n i f i c a n t l y  a l t e r  the  microstructure ,  t ex ture ,  and mechanical proper t ies  of 
d i spers ion  s t rengthened and d ispers ion- f ree  N i  a l l o y s .  
cause changes i n  both room temperature and high temperature s t r eng th  but d i f f e r e n t  
aspec ts  of the  micros t ruc ture  a r e  important i n  each temperature range. 
The micros t ruc tura l  changes 
Fine g r a i n  s i z e s  o r  cel l  s i z e s  promote s t rengthening  a t  room temperature 
A summary p l o t  i n  Figure 49 shows 
f o r  N i ,  Ni-2Th02, Ni-20CrY and 
f o r  a l l  the  a l l o y s  v i a  the  Hall-Petch r e l a t i o n .  
t he  room temperature y i e ld  s t r eng th  versus k 
Ni-20Cr-2Th02. Several  f ea tu re s  a r e  apparent i n  Figure 49. 
For a given a l l o y  base (Ni o r  Ni-20Cr) t he re  i s  a convergence of 
t he  d ispers ion  strengthened and d ispers ion- f ree  curves.  This i s  assoc ia ted  with 
the  f a c t  t h a t  g ra in  s i z e  and p a r t i c l e  s t rengthening a r e  not d i r e c t l y  add i t ive .  
A s  the  g ra in  o r  c e l l  s i z e  approaches the  i n t e r p a r t i c l e  spacing of t he  tho r i a t ed  
a l loys ,  the average spacing between b a r r i e r s  t o  d i s l o c a t i o n  motion, whether they 
a r e  p a r t i c l e s  o r  boundaries, becomes about t h e  same. Thus the  p a r t i c l e  s t rengthening 
and the  g ra in  s i z e  s t rengthening merge a t  very f i n e  ce l l  spacings.  The convergence 
of N i  and Ni-2Th0, p lo t s  i s  more pronounced f o r  the proport ional  l i m i t  (Figure 1 7 )  
L 
than f o r  the  0.2% o f f s e t  y i e l d  s t r eng th  (Figure 18). 
A t  k-1’2 = 0, the  y i e l d  s t r eng th  increment due to  
p s i  (145 MN/m ) f o r  Ni-2Th02 and 42,000 p s i  (290 MN/m2) f o r  
Ni-2Th02 t h i s  s t rengthening corresponds t o  t h a t  expected i f  
2 
p a r t i c l e s  i s  21,000 
Ni-20Cr-2Th02. For 
the  Orowan mechanism 
con t ro l l ed  y ie ld ing  (Equation 6 ) .  
s t r e n g t h  is  about 1 . 7  t i m e s  t h a t  expected from the  Orowan mechanism. The reason 
f o r  this  d i f f e rence  i n  the two a l l o y  bases i s  no t  c l e a r .  
However, f o r  Ni-20Cr-2Th02, the increment i n  
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FIGURE 4 9 .  Hall-Petch plots for Ni, Ni-2Th02, Ni-20CrY and 
Ni-20Cr-2Th02 at room temperature. 
12 0 
I f  the  g ra in  o r  c e l l  s i z e  of N i  o r  Ni-20Cr were ref ined t o  the  s a m e  
s i z e  a s  t he  corresponding mean planar  edge-to-edge Tho2 p a r t i c l e  spacings i n  
Ni-2ThO and Ni-20Cr-2ThO (0.134 and 0.145 pq respec t ive ly) ,  the y i e l d  s t rength  2 2 
increments, tr - (uY a t  R- 'I2 = 0) , would be as follows: 
Y 
(T o -(a a t  R- u2 = 0 )  
R, @ psi MN /m2 psi MN I d  
N i  0.134 2.73 135 , 500 935 133,500 92 1 
N i -  20Cr 0.145 2.63 243,000 16 75 218,000 1505 
These values  f o r  subs t ruc tu re  s t rengthening a r e  considerably g rea the r  than the  
p a r t i c l e  s t rengthening cont r ibu t ions  a t  R -'I2 = 0, (21,000 p s i  c145 MN/m2] Ni-2Th02 
and 42,000 p s i  [290 
2 
MN/m ] f o r  Ni-20Cr-2Th02). Thus i t  appears t h a t  g ra in  s i z e  
o r  subs t ruc ture  s t rengthening a t  room temperature is about 5 t o  6 times more 
potent  than d ispers ion  s t rengthening i n  these  a l l o y s ,  based on a comparison a t  
the  same .spacing between p a r t i c l e s  and g ra in  o r  c e l l  boundaries. 
Strengthening due t o  refinement of g ra in  s i z e  o r  subs t ruc ture  i s  not 
d i r e c t l y  a d d i t i v e  t o  s o l i d  so lu t ion  s t rengthening,  s ince  the  N i  and Ni-20Cr 
p lo t s  are no t  p a r a l l e l  t o  Figure 49. 
increases  more rap id ly  with increas ing  R -'I2 than f o r  t he  two corresponding C r -  
I n  t h e  two Cr-containing a l l o y s  s t r eng th  
f r e e  a l loys .  This e f f e c t  has a l s o  been observed (71) when comparing Hall-Petch 
p l o t s  of Cu wi th  Cu-30% Zn. H e r e  i t  was  found t h a t  the  s lope  (k i n  Equation 8) 
w a s  g rea t e r  f o r  t he  a l loy .  Thus it  i s  concluded t h a t  t h e  a d d i t i v i t y  r e l a t i o n  
i n  Equation 7 i s  not  v a l i d  f o r  t h e  present  a l l o y s .  o r  asol P 
can be d i r e c t l y  added t o  a because the  absolu te  values of (T and a depend 
upon gra in  o r  c e l l  s i z e .  
No s i n g l e  values  (J 
gb , P s o l  
The inf luence  of micros t ruc ture  on high temperature s t f eng th  is both 
s i m i l a r  t o  and d i f f e r e n t  from t h a t  a t  room temperature. Dispersion s t rengthening 
12  1 
(and possibly subs t ruc ture  s t rengthening)  can be obtained a t  high temperatures 
as we l l  a s  a t  room temperature. 
necessary t o  prevent o r  minimize flow by the  weakest l i nk ;  i .e . ,  g ra in  boundary 
However, before t h i s  can be achieved, i t  is 
s l i d i n g .  
t e n s i l e  stress a x i s  i s  p a r a l l e l  t o  the  long ax i s  of the  gra ins .  A s  t he  g r a i n  
This can be done by elongat ing the  gra ins ,  and t e s t i n g  such t h a t  t he  
aspec t  r a t i o  (L/R), increases ,  the  average shear  s t r e s s  on boundaries decreases 
and t h i s  decreases the o v e r a l l  s l i d i n g  r a t e .  A l t e rna t ive ly ,  a higher  appl ied 
stress i s  required t o  produce s l i d i n g .  The importance of gra in  aspec t  r a t i o  on 
y ie ld ing ,  creep, and creep-rupture  l i f e  of Ni-2Th02 a t  1093OC was demonstrated 
i n  Figure 20. Other da t a  from the  l i t e r a t u r e  have been analyzed and the  r e s u l t s  
a r e  l i s t e d  i n  Table 19 and var ious s t r eng th  parameters a r e  p lo t t ed  versus L/R 
i n  Figure 50. The important f ea tu re s  of Figure 40 a r e  discussed below. 
The y i e l d  s t rength ,  100 hour rupture  s t r eng th  and s t r e s s  required 
-4 -1 t o  produce a minimum creep rate of 10 h r  a t  1093OC a l l  increase  l i n e a r l y  
with increasing L/R. This holds t rue ,  no t  only fo r  Ni-2Th02, but  f o r  Ni-20Cr- 
2Th02, Ni-Cr-W-Th02 a l loys ,  and d ispers ion  strengthened Ni-base superal loys a s  
w e l l .  It i s  r eca l l ed  from Figure 20(a) and ( c )  t h a t  y i e ld  and creep r e s u l t s  
f o r  coarse-grained r e c r y s t a l l i z e d  Ni-2Th02 f i t  the  a spec t  r a t i o  p l o t s  toge ther  
w i th  r e s u l t s  from non-recrys ta l l ized  specimens with f i n e  elongated grains .  Thus, 
i n  t h i s  case, i t  appears t h a t  g ra in  s i z e  e f f e c t s  a r e  not  s i g n i f i c a n t ,  and the  
dominant micros t ruc tura l  f ea tu re  i s  g ra in  aspect  r a t i o .  The same appears t o  
hold t r u e  f o r  a l l o y s  o the r  than Ni-2Th02. 
s u p e  ra 1 loy s ( 3 3 y 3 4 )  (some of the  open squares i n  Figure 50) appear t o  f a l l  wi th in  
The r e s u l t s  on d ispers ion  strengthened 
the  range of o ther  da ta  poin ts .  Although these  ma te r i a l s  were extruded they 
had a very coarse  elongated gra in  s t ruc tu re .  
u l t ima te  s t r eng th  of Ni-Cr-Al-Ti-Tho2 a l l o y s  a t  1093 C versus gra in  s i z e ,  and 
Cook, e t  a l .  ( 3 5 )  p lo t t ed  the  
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found t h a t  s t r eng th  increased with increasing 
of s eve ra l  of t h e i r  micrographs revealed t h a t  
g ra in  s i z e .  However, examination 
t h e i r  "coarse-grained" specimens 
had a higher g ra in  aspect  r a t i o  than t h e i r  f i n e  grained specimens. The same 
general  observat ion was made f o r  Ni-20Cr-2ThO specimens i n  the present  program. 
Based on the  preceding discussion,  i t  appears t h a t  the g r a i n  s i z e  e f f e c t  of Cook, 
e t  a l .  (35), may have been fo r tu i tous ,  s ince  the  r e s u l t s  appear t o  be equal ly  
expl icable  by the g ra in  aspect  r a t i o  e f f e c t .  
2 
Even though the  present r e s u l t s  a t  1093OC suggest t h a t  grain aspect  
pe r  se i n  high r a t i o  e f f e c t s  seem t o  overshadow 
temperature s t rengthening,  g ra in  s i z e  c e r t a i n l y  must have an inf luence,  For 
example, a coarse grained mater ia l  with L/R = 1 would have fewer g ra in  boundaries 
and thus l e s s  o v e r a l l  s l i d i n g  than a f i n e  grained ma te r i a l  with the  same aspect  
r a t i o .  
a t  r e l a t i v e l y  low flow stresses. Furthermore, t he  r e l a t i v e  importance of gra in  
aspec t  r a t i o '  and gra in  s i z e  i n  high temperature s t rengthening w i l l  depend upon 
t e s t  temperature, s t r a i n  r a t e  ( i n  tension t e s t s ) ,  and s t r e s s  ( i n  creep t e s t s ) .  
The an t i c ipa t ed  e f f e c t s  of these var iab les  a r e  depicted i n  Figure 21. 
t h e  inf luence of gra in  s i z e  
In  the  l i m i t ,  very f i n e  grained mater ia l  would deform supe rp la s t i ca l ly  
Figures 50(b) and (c) show t h a t  creep r a t e s  and rupture l i v e s  of thor ia ted  
0 a l l o y s  a t  1093 C f a l l  on the  same aspect  r a t i o  p l o t s  a s  the  data  f o r  Ni-2Th02. 
here,  t he re  appears t o  be no inf luence of so l id  so lu t ion  o r  Y' strengthening, and 
t h e  gra in  aspect  r a t i o  e f f e c t  appears t o  be dominant. 
versus L/R values  f o r  Ni-Cr-Th02 and Ni-Cr-W-Th02 a l l o y s  i n  Figure 50(a) l i e  
cons i s t en t ly  above those f o r  Ni-2Th02. 
i n  t e n s i l e  deformation (compared with creep deformation) necess i t a t e  more accommo- 
da t ion  of gra in  boundary s l i d i n g  by deformation within gra ins  than i n  the  case of 
creep. 
Thus, 
However, the  y i e ld  s t r eng th  
It may be t h a t  the  higher  s t r a i n  r a t e s  
Then any s o l i d  s o l u t i o n  s t rengthening e f f e c t s  wi th in  gra ins  would come 
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i n t o  play, and higher  s t r e s s e s  would be required t o  cause macroscopic yielding--  
even though the  major mode of flow was g ra in  boundary s l i d i n g ,  
The Poss ib le  Role of Texture 
I n  order  t o  optimize both room temperature and high temperature 
s t r e n g t h  i n  d ispers ion  strengthened N i  a l l o y s  it is  des i r ab le  t o  have a f i n e  
very elongated g ra in  s t ruc tu re .  It i s  possible  t o  obta in  t h i s  i n  Ni-2Th02 b a r  
o r  rod, where processing can be done such t h a t  r e c r y s t a l l i z a t i o n  does not  take 
place.  Yet i t  does no t  appear poss ib le  t o  develop a s i m i l a r  s t r u c t u r e  i n  d i s -  
pers ion strengthened N i  a l l o y s  which contain C r ,  where high temperature annealing 
causes recrystallization--sometimes with r e s u l t i n g  f i n e  near ly  equiaxed gra ins  
and sometimes wi th  coarse elongated grains .  
Ni-2ThO 
coarse and elongated. 
Under c e r t a i n  processing condi t ions,  
can be made t o  r e c r y s t a l l i z e ,  and here t h e  g ra in  s t r u c t u r e  i s  usua l ly  2 
The quest ions arise: (I) Does t ex tu re  have anything t o  do with the  
r e l a t i v e  d i f f i c u l t y  of r e c r y s t a l l i z a t i o n  of Ni-2Th02 bar?  
t o  the  f a c t  t h a t  Cr-containing a l l o y s  are more suscep t ib l e  t o  r e c r y s t a l l i z a t i o n  
than Ni-2Th02?; and (3) 
z a t i o n  does occur, does the  deformation t ex tu re  inf luence  the  r e c r y s t a l l i z e d  micro- 
s t r u c t u r e ;  i .e. ,  coarse  elongated gra ins  versus  f i n e  equiaxed g ra ins?  
(2) I s  tex ture  r e l a t e d  
I f  t h e  tho r i a t ed  a l l o y s  are processed such t h a t  r e c r y s t a l l i -  
Complete answers t o  these  quest ions requi re  more information than i s  
present ly  ava i l ab le .  
t i o n  increases  from Ni-2Th02 t o  the  Cr-containing tho r i a t ed  a l loys .  
observed t h a t  t he  sharpness of t h e  a O O >  f i b e r  t ex tu re  decreases i n  the  s a m e  
The present  r e s u l t s  suggest t h a t  t h e  ease of r e c r y s t a l l i z a -  
It i s  
order.  
t h e  Ni-2Th02 m a t e r i a l  drawn by Procedure B did not  begin t o  r e c r y s t a l l i z e  a t  
120OoC u n t i l  92.5% t o t a l  drawing s t r a i n ,  where t h e  a O O >  component of the  
This could i n d i c a t e  a s t a b i l i z i n g  inf luence of t he  <LOO> t ex tu re .  Also, 
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t ex tu re  (within 20' of the  rod ax i s )  dropped to - 53%. Other evidence f o r  t he  
s t a b i l i z i n g  inf luence  of a O O >  i s  t h a t  when r e c r y s t a l l i z a t i o n  occurred, i t  usua l ly  
commenced a t  the specimen s i d e s  where t h e  tex ture  w a s  most d i f fuse .  
several reasons why the  <loo> tex ture  might be s t a b l e  to formation of 
r e c r y s t a l l i z a t i o n  nuc le i .  The equivalent  states of stress i n  a l l  g ra ins  would 
el iminate  d i f f e rences  i n  s to red  energy which could lead to nuclea t ion  by g ra in  
boundary migration. The subs t ruc ture  formed on deformation might be so  uniform 
t h a t  no s i n g l e  c e l l  o r  subgrain was favored f o r  growth t o  form a r e c r y s t a l l i z e d  
gra in .  
here  i n  conferr ing s t a b i l i t y .  
There are 
The shape ,  as w e l l  as the  s i z e  d i s t r i b u t i o n  of c e l l s ,  may be important 
However, a problem with equating t ex tu res  and s t r u c t u r a l  s t a b i l i t y  is 
t h a t  none of the  textures appear to be s t rong enough t o  cons i s t  only of the  
necessary o r i e n t a t i o n s ,  p a r t i c u l a r l y  as nuclea t ion  appears t o  be t h e  con t ro l l i ng  
process ,  and t h i s  can occur i n  very s m a l l  volumes of ma te r i a l .  
r e c r y s t a l l i z a t i o n  of the chromium containing a l l o y s  i s  possibly a r e s u l t  of 
the  lower s tacking f a u l t  energy of these  a l l o y s .  
s h o r t  range order ,  would lead t o  l o c a l l y  concentrated planar  d i s l o c a t i o n  g l i d e  
which would be expected t o  c r e a t e  l a r g e  gradien ts  of s tored  energy. Nucleation, 
f o r  example by g r a i n  boundary bowing a t  t h e  
more favored than i n  the  Ni-2Th02, where the  high l o c a l  stress might be 
a l l e v i a t e d  by c ross - s l ip .  
The e a s i e r  
This ,  and the  presence of any 
end of a s l i p  band, would then be 
The deformation tex ture  may have an e f f e c t  on the  r e c r y s t a l l i z e d  micro- 
s t r u c t u r e  when condi t ions are such that r e c r y s t a l l i z a t i o n  does occur.  The 
production of elongated r e c r y s t a l l i z e d  g ra ins  suggests t h a t  g ra in  growth p a r a l l e l  
to the  rod a x i s  is much f a s t e r  than i t  i s  t ransverse t o  the  a x i s .  This d i r ec -  
t i o n a l  growth may be r e l a t e d  t o  Gleiter 's  ( 6 3  6 4 )  ideas  regarding the  dependence 
of boundary migrat ion r a t e  on the  boundary o r i e n t a t i o n  and the growth d i r ec t ion .  
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CONCLUSIONS 
(1) Thermomechanical processing (mP) of ispers ion strengthened n i cke l  
a l l o y s  produces var ious micros t ruc tures  which inf luence  subsequent room temperature 
and high temperature mechanical proper t ies .  
(2) One important micros t ruc tura l  f ea tu re  observed was the  elongated 
g ra in  s t r u c t u r e .  Under the  condi t ions employed here  t h i s  was always present  i n  
Ni-2Th02. However, i n  d i spers ion  a l l o y s  containing C r ,  the  mater ia l s  o f t en  re- 
c r y s t a l l i z e d  t o  a f i n e  equiaxed g ra in  s t r u c t u r e .  
(3) A t  room temperature, subs t ruc ture  refinement of t ho r i a t ed  and Tho2- 
f r e e  a l l o y s  r e s u l t s  i n  s t rengthening by the  usual Hall-Petch r e l a t i o n ,  cry = q0 + 
k f 1 I 2 ,  where o i s  t he  y i e ld  s t r eng th  (or proport ional  l i m i t ) ,  R i s  the  gra in  o r  
c e l l  s i z e ,  and u and k a r e  constants .  
Y 
0 
= 0 the re  is -1 /2  ( 4 )  When p l o t s  of o v s ,  R' 'I2 a r e  ex t rapola ted  t o  R 
a s t r eng th  increment, n0 = o0 (dispers ion a l loy )  - u 
which corresponds t o  the  Orowan s t r e s s  fo r  Ni-2Th0 but  i s  about 1 .7  t i m e s  the  
Orowan stress f o r  Ni-20Cr-2Th02, 
Y 
(d i spers ion  f r e e  a l loy )  
0 0 
2' 
( 5 )  Refining the  subs t ruc tu re  of N i  o r  Ni-20Cr by TMP t o  a c e l l  spacing 
equivalent  t o  the i n t e r p a r f i c l e  spacing i n  Ni-2Th02 and Ni-20Cr-2ThO 
the  room temperature y i e l d  s t r eng th  f i v e  t o  s i x  t i m e s  more than d ispers ion  
increases  2 
s t rengthening alone. 
( 6 )  A t  f i n e  c e l l  s i z e s  ( la rge  values of fl/*), Hall-Petch p lo t s  of 
t ho r i a t ed  and tho r i a - f r ee  base ma te r i a l s  converge, This means t h a t  d i spers ion  
s t rengthening and subs t ruc ture  s t rengthening are not  add i t ive ,  s ince  the  magnitude 
of d ispers ion  s t rengthening i s  a funct ion of the  ce l l  s i z e .  
(7) Simi lar ly ,  Hall-Petch p lo t s  of Cr-containing and Cr-free base 
a l l o y s  a r e  not  p a r a l l e l ,  which means t h a t  s o l i d  so lu t ion  s t rengthening is  no t  
d i r e c t l y  a d d i t i v e  t o  gra in  s i z e  o r  subs t ruc ture  s t rengthening.  
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(8) A t  1093OC i t  was shown t h a t  the  y i e l d  s t r eng th ,  100 hour creep 
-4  -1 rupture  l i f e ,  and s t r e s s  t o  produce a creep r a t e  of 10 h r  a l l  increased 
l i n e a r l y  with increas ing  g ra in  aspec t  r a t i o ,  L/R, where L = gra in  length and 
R = gra in  width. 
a l loys ,  and d ispers ion  strengthened Ni-base supera l loys ,  and emphasizes the  
This c o r r e l a t i o n  holds f o r  Ni-2Th02, Ni-20Cr-2Th02, Ni-Cr-W-Th02 
importance of having a l a rge  gra in  aspec t  r a t i o  f o r  improved high temperature 
s t r eng th .  
(9) The gra in  aspec t  r a t i o  co r re l a t ion  a t  1093OC appears t o  be essen- 
t i a l l y  independent of g r a i n  s i z e ,  s ince  r e s u l t s  from coarse-elongated (re- 
c r y s t a l l i z e d )  g ra in  ma te r i a l s  behave s imi l a r ly  t o  non-recrys ta l l ized  ma te r i a l s  
containing a f i n e  s t a b l e  elongated f iberous s t ruc tu re .  
(10) The gra in  aspect  r a t i o  e f f e c t  i s  a t t r i b u t e d  t o  the f a c t  t h a t  g ra in  
boundary s l i d i n g  i s  the  major mode of deformation i n  d ispers ion  strengthened N i  
a l l o y s  a t  high temperatures. When t e s t i n g  i s  performed such t h a t  t he  tens ion  a x i s  
i s  p a r a l l e l  t o  the  f i b e r  a x i s ,  then increasing the  L/R lowers, on average, the  
shear  s t r e s s  on boundaries, and t h i s  i n  t u r n  reduces the  amount of g ra in  boundary 
s l i d i n g .  
(11) From general  experience regarding g ra in  boundary s l i d i n g ,  i t  was 
concluded t h a t  t he  inf luence of L/R on mechanical p rope r t i e s  a t  high temperatures 
would depend on t e s t  temperature and s t r a i n  r a t e ,  t he  e f f e c t  being more pronounced 
wi th  increas ing  temperature and decreasing s t r a i n  r a t e .  
under creep condi t ions (2 - 
whereas a t  12OO0C (-0.85 Tm) the  g ra in  aspec t  r a t i o  may not  a f f e c t  mechanical 
Thus a t  N 0.5 Tm (- 60OoC) 
t o  lom3 h r - l )  the  L/R e f f e c t  should be important, 
p rope r t i e s  under high rate deformation condi t ions (i - lo4 h r - l ) .  
(12) The r o l e  of deformation t ex tu re  i n  the " indi rec t"  aspec ts  of d i s -  
pers ion s t rengthening i s  not completely c l e a r .  Extruded Ni-2Th02 has a very 
s t rong  G O O >  component of the dual  QOO>-Q11> f i b e r  t ex tu re ,  and t h i s  mater ia l  
does not r e c r y s t a l l i z e ,  
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(13) Working of Ni-2Th02 by drawing (with and without intermediate  
anneals)  reduces the  a O O >  component and increases the  all> components of the  
tex ture .  
elongated g ra ins ) .  
A t  very high drawing s t r a i n s ,  Ni-2Th02 w i l l  r e c r y s t a l l i z e  ( t o  coarse  
Thus, t he  presence of a s t rong  <LOO> f i b e r  t e x t u r e  may promote 
r e c r y s t a l l i z a t i o n  r e s i s t ance .  
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APPENDIX B 
NEW TECHNOLOGY 
3-1 
THE ROLE OF GRAIN SIZE AND SHAPE ON TJ3E MECHANICAL BEHAVIOR 
OF DISPERSION STRENGTHENED NICKEL ALLOYS 
The research  i n  t h i s  r e p o r t  has provided New Technology, which is  
b r i e f l y  descr ibed  below, inc lud ing  p e r t i n e n t  pages i n  t h i s  r e p o r t  desc r ib ing  t h e  
New Technology. 
I t e m  1. 
S u b s t a n t i a l  improvement i n  room temperature s t r e n g t h  can be achieved 
by s u b s t r u c t u r e  s t rengthening .  This s t r eng then ing  is 5 t o  6 t i m e s  more poten t  
than i s  d i spe r s ion  s t rengthening .  (Discussion is  on pp 42-46, 103-109, 118-120.) 
I t e m  2. 
A t -  1093°C, t h e  y i e l d  s t r e n g t h  and creep  s t r e n g t h  of d i spe r s ion  
s t rengthened  N i  a l l o y s  inc rease  l i n e a r l y  wi th  t h e  g r a i n  a spec t  r a t i o ,  L/R, 
where L = gra in  length  and R = g r a i n  width.  (Discussion is  on pp 49-59, 67, 120-126.) 
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